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Abstract: Single-molecule magnets (SMMs) containing only one metal center may represent the 
lower size limit for molecule-based magnetic information storage materials. Their current 15 
drawback is that all SMMs require liquid-helium cooling to show magnetic memory effects. We 
now report a chemical strategy to access the dysprosium metallocene cation [(CpiPr5)Dy(Cp*)]+ 
(CpiPr5 = penta-iso-propylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl), which displays 
magnetic hysteresis above liquid-nitrogen temperatures. An effective energy barrier to reversal 
of the magnetization of Ueff = 1,541 cm–1 is also measured. The magnetic blocking temperature 20 
of TB = 80 K for this cation overcomes an essential barrier towards the development of 
nanomagnet devices that function at practical temperatures. 
One Sentence Summary: Magnetic blocking above liquid-nitrogen temperatures is 
demonstrated in a dysprosium single-molecule magnet. 
Main Text: 25 
The observation of slow magnetic relaxation in coordination compounds that contain a single 
lanthanide ion stimulated considerable interest in monometallic single-molecule magnets 
(SMMs) (1). This family of materials shows magnetic hysteresis properties that arise from the 
electronic structure at the molecular level rather than interactions across comparatively large 
magnetic domains (2-4). In addition to the considerable fundamental interest in SMMs and 30 
related magnetic molecules, their magnetic memory properties have inspired proposals for 
applications as spin qubits (5) and in nanoscale spintronic devices (6). A key performance 
parameter of an SMM is the magnetic blocking temperature, TB, one description of which refers 
the maximum temperature at which it is possible to observe hysteresis in the field-dependence of 
the magnetization, subject to the field sweep rate. The blocking temperature provides a means of 35 
comparing different SMMs and, to date, the vast majority that show any hysteresis at all require 
liquid-helium cooling to do so (7,8). A few notable examples have emerged from the extreme 
cold to set record blocking temperatures above the liquid-helium regime (9-12), including the 
dysprosium metallocene [(Cpttt)2Dy][B(C6F5)4] (Cpttt = 1,2,4-tri-tert-butylcyclopentadienyl), 
which showed magnetic hysteresis with coercivity up to 60 K (13-15); however, this threshold 40 
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still falls markedly short of the more practically accessible 77 K temperature at which nitrogen 
liquefies. We now show that by designing the ligand framework so that two key structural 
parameters – i.e. the Dy-Cpcent distances (cent refers to the centroid of the Cp ligand) and the Cp-
Dy-Cp bending angle – are rendered short and wide, respectively, we achieve an axial crystal 
field of sufficient strength to furnish an SMM that shows hysteresis above 77 K. 5 
 A dysprosium metallocene cation was targeted with cyclopentadienyl substituents of 
sufficient bulk to produce a wide Cp-Dy-Cp angle, but not too bulky to preclude close approach 
of the ligands. Thus, the borohydride precursor complex [(5- CpiPr5)Dy(5-Cp*)(BH4)] (2) 
(CpiPr5 = penta-iso-propylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl) was 
synthesized by treating [Dy(5-CpiPr5)(BH4)2(THF)] (1) with KCp* (Fig. 1). The molecular 10 
structures of 1 and 2 were determined by x-ray crystallography (tables S1-S3, figs S4, S5). The 
target compound [(5-Cp*)Dy(5-CpiPr5)][B(C6F5)4] (3), hereafter abbreviated [Dy-5*][B(C6F5)4], 
was then isolated in 60% yield by treating 2 with the super-electrophile [(Et3Si)2(-H][B(C6F5)4] 
(16). An x-ray crystallographic analysis of the molecular structure of 3 at 150 K (fig. 1, figs S6-
S7, tables S1, S4) revealed that the Dy-5* cation features Dy-Cp* and Dy-CpiPr5 distances of 15 
2.296(1) Å and 2.284(1) Å, respectively, which are, on average, 0.026 Å shorter than the 
analogous distances of 2.32380(8) Å and 2.30923(8) Å determined for [(Cpttt)2Dy]+ (13). 
Furthermore, the Cp-Dy-Cp angle in Dy-5* is 162.507(1)°, and hence almost 9.7° wider than the 
angle of 152.845(2)° found in [(Cpttt)2Dy]+. Based on these structural parameters, the crystal 
field in Dy-5* should be stronger and more axial than in [(Cpttt)2Dy]+, and hence an improvement 20 
in the SMM properties can be expected. 
 
 
Fig. 1. Synthesis and molecular structures. (A) Reaction scheme for the synthesis of 3. Cp* = 
pentamethylcyclopentadienyl (B) Thermal ellipsoid representation (50% probability) of the 25 
molecular structure of the Dy-5* cation in 3, as determined by x-ray crystallography (for clarity, 
the hydrogen atoms and [B(C6F5)4]– counter anion are omitted). 
 
The D.C. molar magnetic susceptibility (M) was measured for compounds 1-3 in the 
temperature range 2 to 300 K using an applied field of 1000 Oe, and the field-dependence of the 30 
magnetization for 1 and 2 was measured at T = 2 and 5 K using fields up to 70 kOe (figs S8-
S12). A description of the properties of 1 and 2 is provided in the Supplementary Materials. For 
3, the MT value was measured to be 13.75 cm3 K mol–1 at 300 K and then manifested a steady 
decrease down to 75 K. At lower temperatures a sharp drop in MT was observed, indicating the 
onset of magnetic blocking, with a value of 0.94 cm3 K mol–1 reached at 2 K. Overall, the D.C. 35 
magnetic properties of compounds 1-3 are typical for a monometallic complex of Dy3+ with a 
6H15/2 ground multiplet (17). The SMM properties of compounds 1-3 were then established 
through measurements of the in-phase (the real component, ') and the out-of-phase (the 
imaginary component, '') A.C. susceptibilities as functions of the A.C. frequency () and 
temperature, using an oscillating field of 5 Oe and zero applied D.C. field (figs S13-S28, tables 40 
Submitted Manuscript: Confidential 
3 
 
S5-S7). Focusing again on 3, the ''() isotherms show well-defined maxima up to 130 K (Fig. 
2). The '() and ''() data were then used to derive Cole-Cole plots of ''(') for relaxation in 
the temperature range 82 to 138 K in intervals of 2 K, with each plot adopting a parabolic shape 
(figs S26-S28,). Accurate fits of the A.C. susceptibility plots were obtained using equations 
describing ' and '' in terms of frequency, the isothermal susceptibility (T), adiabatic 5 
susceptibility (S), the relaxation time (), and the fitting parameter  to represent the distribution 
of relaxation times (eq S1, S2) (18). 
 
 
Fig. 2. Dynamic magnetic properties. (A) Frequency dependence of the out-of-phase ''M molar 10 
magnetic susceptibility for 3, collected in zero D.C. field at A.C. frequencies of  = 0.1 to 1488 
Hz from 82 K (green trace) to 138 K (purple trace) in 2 K intervals. Solid lines represent fits to the 
data using equations S1 and S2, with adjusted R2 = 0.99823-0.99988. (B) Temperature dependence 
of the relaxation time for 3. The red points are from the A.C. susceptibility data and the blue points 
are from measurements of the D.C. magnetic relaxation time. The solid green line is the best fit to 15 
    =    
        /    +     +     
   , using the parameters stated in the text. 
 
 
The resulting values of  = 0 to 0.027 indicate a very narrow range of relaxation times in the 
high-temperature regime. The relaxation times at temperatures in the range 2 to 83 K were 20 
determined in intervals of approximately 5 K from plots of the magnetization decay vs. time (figs 
S29-S48, table S8). These data show, for example, that the magnetization in 3 decays almost to 
zero over a 50-second time period at 77 K, increasing to approximately 500 minutes at 15 K. The 
temperature at which  = 100 s is 65 K. The relaxation times determined from the A.C. and D.C. 
measurements were then combined to obtain further insight into the magnetic relaxation by 25 
plotting  as a function of T–1 (fig. 2), which revealed a strong, linear dependence of the 
relaxation time on temperature in the range 55 to 138 K. The (T–1) plot in the range 10 to 55 K 
is curved in nature and represents an intermediate regime before purely temperature-independent 
relaxation is observed below 10 K. The relaxation time can be expressed as     =
   
        /    +     +     
   , in which the first term represents Orbach relaxation with Ueff as 30 
the effective energy barrier to relaxation of the magnetization, the second term represents the 
contribution from Raman processes, and the third term represents the rate of quantum tunneling 
of the magnetization. Using this equation, an excellent fit (adjusted R2 = 0.99958) of the data was 
obtained with 0 = 4.2(6)  10–12 s, Ueff = 1,541(11) cm–1, C = 3.1(1) × 10−8 s−1 K−n and n = 
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3.0(1), and QTM = 2.5(2)  104 s. The Ueff value determined for 3 exceeds the value of 1,277 cm–
1 determined for [(Cpttt)2Dy][B(C6F5)4] by approximately 20% (13). 
 Potential applications of SMMs in information storage devices rely on the occurrence of 
magnetic remanence and coercivity: therefore, the hysteresis is a critical consideration (19). For 
3, using a relatively fast field sweep rate of 200 Oe s–1 revealed M(H) hysteresis from 2 K up to 5 
85 K, with the loops gradually closing as the temperature increased (Figs 3A, 3B). At these 
temperature limits, coercive fields of 50 kOe and 210 Oe (5.0 T and 21 mT), respectively, were 
measured (Fig. 3C, fig. S49, table S9). Fixing the temperature at 77 K, a reduction in the sweep 
rate resulted in the coercive field approximately halving with the rate, i.e. Hc = 5,802 Oe at 700 
Oe s–1, 2,946 Oe at 350 Oe s–1, 1,688 Oe at 200 Oe s–1, 825 Oe at 100 Oe s–1, 398 Oe at 50 Oe s–1 10 
and 191 Oe at 25 Oe s–1 (fig. S50, table S10). The observation of coercivity in 3 at 25 Oe s–1 is 
significant because this sweep rate is slower than the 39 Oe s–1 used to determine the blocking 
temperature of 60 K for [(Cpttt)2Dy][B(C6F5)4] (13). At 80 K and 25 Oe s–1, a coercive field of 63 
Oe was measured (Fig. 3D), and the loops were completely closed at higher temperatures. 
Consistent with this finding, the field-cooled and zero-field-cooled magnetic susceptibilities for 3 15 
diverged at 78 K (fig. S51). By analogy with the development of high-TC superconductors, we 
propose to designate the Dy-5* cation in 3 as a high-temperature, or high-TB, single-molecule 
magnet. 
 
 20 
Fig. 3. Magnetic hysteresis properties of 3. Magnetization vs. field hysteresis loops in the 
temperature ranges of (A) 2 to 75 K and (B) 75 to 85 K using a field sweep rate of 200 Oe s–1. (C) 
Expansion of the hysteresis loops at 77 K showing the coercive fields. (D) Hysteresis loops at 80 
K using a field sweep rate of 25 Oe s–1. 
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 The importance of the strong axial crystal field in the Dy-5* cation combined with the 
absence of an equatorial field is illustrated further by comparing the Ueff and TB values for 3 with 
those of the precursors 1 and 2. In the case of 1, the CpiPr5 ligand provides a strong axial field, 
but the pseudo-octahedral coordination geometry introduces a non-negligible equatorial field 
and, whilst slow magnetic relaxation in zero field is observed with this system, the position of 5 
the maxima in ''() are temperature-independent up to 10 K and only observed up to 30 K (figs 
S13-S16). The resulting energy barrier of 241(7) cm–1 is comparatively small, and the rate of 
quantum tunnelling of the magnetization (QTM) is, at 5.0(1)  10–3 s (fig. S17), some seven 
orders of magnitude faster than found with 3. The competing equatorial field in 2 is more 
prominent as the maxima in ''() are very weakly temperature-dependent from 3 to 20 K, with 10 
the resulting energy barrier a negligible 7(1) cm–1 (figs S19-S22). In both 1 and 2, the M(H) 
hysteresis loops collected at 2 K and 200 Oe s–1 are waist-restricted, with no coercivity and only 
small openings as the field magnitude increases (figs S18, S23). 
Ab initio calculations have enabled quantitative analysis of the properties of SMMs on a 
microscopic scale (20), particularly systems with n-bonded organometallic ligands (21-30). 15 
Calculations on the Dy-5* cation were performed at the XMS-CASPT2//SA-CASSCF/RASSI 
level (31, 32): the resulting energies, principal components of the g-tensors and the principal 
magnetic axes of the eight lowest Kramers’ doublets in Dy-5* corresponding to the CF-split states 
of the 6H15/2 ground multiplet are listed in table S11. The principal magnetic axis in the ground 
doublet of Dy-5* (Fig. 4) is projected towards the centroids of the two cyclopentadienyl ligands, 20 
with the principal axes of the next six doublets almost collinear and the largest deviation angle 
5.3° with the fifth doublet. The highest doublet is perpendicular to the ground doublet. 
 
 
Fig. 4. Magnetic relaxation in the Dy-5* cation. (A) The principal magnetic axis of the ground 25 
Kramers’ doublet. (B) Relaxation mechanism for Dy-5*. Blue arrows show the most probable 
relaxation route and red arrows show transitions between states with less probable but non-
negligible matrix elements: darker shading indicates a higher probability. 
 
The g-tensor of the ground doublet is calculated to be perfectly axial, i.e. gx = gy = 0.000 and gz = 30 
20.000 (table S11), which is consistent with the experimental hysteresis measurements in which 
QTM is completely blocked at zero field. In the six lowest doublets, the CF is highly axial and 
each state can be assigned to a definite projection (greater than 96% character) of the total angular 
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momentum, MJ (table S12). The transverse components of the g-tensors increase roughly by an 
order of magnitude in each doublet upon moving to higher energy. In the fifth doublet the 
transverse components start to become significant and in the sixth doublet the transverse 
components are large enough to allow considerable tunneling. In the two highest states, the axiality 
is weaker and considerable mixing occurs under the CF, which most likely results from the 5 
asymmetry of the coordination environment. 
The ab-initio CF parameters were calculated for the Dy-5* cation following a previously 
established methodology (33, 34) and are listed in table S13. The off-diagonal elements of the CF 
operator clearly have non-negligible elements due to the low C1 point symmetry of Dy-5*, however 
the axial second-rank parameter   
  is at least two orders of magnitude larger than any other 10 
parameter. This creates a highly axial CF environment despite the absence of point symmetry (or 
pseudo-symmetry) that would be needed for a strictly axial CF. The off-diagonal elements of the 
CF play some role and, in the higher-lying doublets of the ground multiplet, the axial nature of the 
CF is lost (vide infra). This demonstrates that strict point symmetry is not required to achieve a 
highly axial CF, provided the axial parameters are sufficiently strong in comparison to the other 15 
CF parameters arising from the low-symmetry components of the CF. 
 The magnetic relaxation in the Dy-5* cation was studied further by constructing a 
qualitative relaxation barrier from the ab initio results, which follows a methodology in which 
the transition magnetic moment between the different states was calculated and the relaxation 
pathway follows the largest matrix elements (Fig. 4B, table S14) (35). The results predict that the 20 
barrier is crossed at the fourth excited doublet, corresponding to a Ueff value of 1,524 cm–1 for 
the Orbach process, which is consistent with the calculated g-tensors for this doublet and is in 
excellent agreement with the experimentally determined barrier height of 1,541(11) cm–1. To 
gain deeper insight into the nature of the spin-phonon relaxation, the first-order spin-phonon 
couplings with the optical phonons (approximated as the molecular vibrations) were evaluated 25 
from first-principles calculations (tables S15-S18). In earlier work on [(Cpttt)2Dy]+ (14), 
vibrations of the C–H oscillators in the Cp rings were recognized as the most important 
contribution to the Orbach relaxation as they initiated the transition from the ground doublet to 
the first excited doublet. In the case of Dy-5*, these oscillators are absent, and the analogous 
transition from the ground to the first excited doublet is most likely initiated by out-of-plane 30 
vibrations of the Cp* ligand when comparing the frequency of these modes (632.9 cm–1 and 
640.5 cm–1) to the calculated gap between the ground and first-excited doublets (672 cm–1) (see 
Movies S1-S7). Because the out-of-plane vibrations couple strongly to vibrations of the Cp* 
methyl groups, it is conceivable that their energies can be tuned by choosing ligand substituents 
that would bring the vibrational modes out of resonance with the excitation gap. Such an 35 
approach should lead to further improvements in SMM performance beyond those of the Dy-5* 
cation, and therefore enhance their potential for applications in magnetic information storage 
materials. 
 
  40 
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Materials and Methods 
 
General Procedures 
All reactions were carried out under rigorous anaerobic, anhydrous conditions under argon or nitrogen atmospheres 
using standard Schlenk line and glovebox techniques. All solvents were refluxed over an appropriate drying agent for 5 
a minimum of three days (molten potassium for toluene and benzene, Na/K alloy for hexane, CaH2 for CH2Cl2) before 
distilling, and were stored in ampoules over activated 4 Å molecular sieves (toluene, hexane, benzene, CH2Cl2). 
NaCpiPr5 (36), Dy(BH4)3(THF)3 (37), KCp* (38) and [Et3Si(H)SiEt3][B(C6F5)4] (15) were prepared according to 
literature procedures. Elemental analyses were carried out at London Metropolitan University, U.K. IR spectra were 
collected on a Bruker Alpha FTIR spectrometer fitted with a Platinum ATR module. 10 
 
Synthesis of [CpiPr5Dy(BH4)2THF] (1): Toluene (15 ml) was added to an ampoule containing a mixture of NaCpiPr5 
(895 mg, 3.0 mmol), Dy(BH4)3(THF)3 (1328 mg, 3.0 mmol) and a glass coated stirrer bar, and the resulting suspension 
was stirred at room temperature overnight. The toluene was removed under vacuum and the product was extracted 
into hexane (3 × 10 mL) and filtered. The filtrate was concentrated in vacuo until incipient crystallisation occurred. 15 
The solution was then gently warmed to re-dissolve the microcrystalline solid and the solution was stored at –40°C 
overnight, yielding pale yellow crystals of 1. Yield = 1166 mg, 72 %. Elemental analysis found (calcd.) % for 
C24H51B2ODy: C 52.13 (53.40); H 9.67 (9.52). IR spectra (cm−1): 2973s, 2929s, 2871s, 2462s, 2364w, 2309m, 2262w, 
2198m, 2131s, 1458s, 1365s, 1320w, 1252m, 1194s, 1175s, 1098s, 1083s, 1041m, 1004s, 957w, 909m, 856s, 749w, 
666m, 545m, 525s, 484s, 454s. 20 
 
Synthesis of [CpiPr5DyCp*(BH4)] (2): Toluene (15 ml) was added to an ampoule containing a mixture of 1 (532 mg, 
1.0 mmol), KCp* (174 mg, 1.0 mmol) and a glass coated stirrer bar, and the resulting suspension was stirred at 110°C 
for two days. The toluene was removed under vacuum and the product was extracted into hexane (3 × 10 mL) and 
filtered. After removal of the solvent, a yellow powder was obtained and recrystallized from hexane at –40 °C to yield 25 
yellow crystals of 2. Yield = 190 mg, 32 %. Elemental analysis found (calcd.) % for C30H54BDy: C 61.03(61.27); H 
9.39 (9.26). IR spectra (cm−1): 2966s, 2908s, 2866s, 2441m, 2398m, 2294w, 2248w, 2133m, 2038w, 1998w, 1446m, 
1380s, 1366s, 1295w, 1218w, 1197w, 1158m, 1129s, 1090m, 1058w, 1030w, 955w, 906w, 861w, 803w, 768w, 710w, 
595w, 542w, 504s, 452w. 
 30 
Synthesis of [CpiPr5DyCp*][B(C6F5)4] (3): Cold (–40 °C) hexane (10 ml) was added into a cold ampoule containing 
[Et3Si(H)SiEt3][B(C6F5)4] (180 mg, 0.20 mmol) and a glass coated stirrer bar. Then, a cold (–40 °C) hexane (10 ml) 
solution of [CpiPr5DyCp*(BH4)] (118 mg, 0.2 mmol) was slowly added to the ampoule, then the resulting suspension 
was sonicated for three minutes and stirred overnight to give a yellow solid. After letting the solid settle, as much of 
the solution as possible was decanted away and hexane (10 ml) was added. This was repeated five times before removal 35 
of residual volatiles in vacuo gave a yellow solid. A crystalline sample of 3 was obtained by storing a saturated 
dichloromethane solution at –40°C overnight. Isolated crystalline yield = 150 mg, 60 %. Elemental analysis found 
(calcd.)% for C54H50BDyF20: C: 51.63 (51.79); H 4.11 (4.02). IR spectra (cm−1): 2990w, 2970w, 2875w, 2792w, 
1641m, 1512s, 1458s, 1424m, 1384m, 1371m, 1310w, 1277m, 1159w, 1084s, 1031w, 978s, 904w, 799w, 775s, 756s, 
726w, 684s, 660s, 610w, 573m, 506m, 476w. 40 
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Fig. S1. Infrared spectrum of compound 1. 
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Fig. S2. Infrared spectrum of compound 2. 
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Fig. S3. Infrared spectra of compound 3. 
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X-ray crystallography 
Single-crystal x-ray diffraction measurements for compound 1-3 were carried out on an Agilent SuperNova 
diffractometer with graphite monochromated MoK radiation ( = 0.71073 Å) at 150 K. Structures were solved in 
Olex2, either with SHELXS using direct methods or with SHELXT using intrinsic phasing and were refined with 
SHELXL using least squares minimisation (39-41). Anisotropic thermal parameters were used for the non-hydrogen 5 
atoms and isotropic parameters for the hydrogen atoms. Hydrogen atoms on carbons were added geometrically and 
refined using a riding model. Hydrogen atoms for BH4 fragments in compounds 1-2 could be located from the Q peaks 
around B atoms and were isotropically refined. 
 
Table S1. Crystal Data and Structure Refinement for 1-3. 10 
Compound reference 1 2 3 
Chemical formula 2(C24H51B2DyO) C30H54BDy C30H50Dy·BC24F20
Formula Mass 1079.53 588.04 1252.25 
Crystal system Monoclinic Monoclinic Monoclinic 
a/Å 9.9666(3) 17.3203(4) 17.3982(7) 
b/Å 33.7738(10) 10.3090(2) 13.3024(3) 
c/Å 16.3084(8) 16.7462(3) 22.8707(6) 
/° 90 90 90 
/° 94.047(4) 102.635(2) 107.490(4) 
/° 90 90 90 
Unit cell volume/Å3 5475.9(4) 2917.71(10) 5048.4(3) 
Temperature/K 150.0(3) 150.0(3) 150.0(4) 
Space group P21/c P21/c P21/c 
No. of formula units per unit cell, Z 4 4 4 
calc/g cm-3 1.309 1.339 1.648 
Absorption coefficient, μ/mm-1 2.740 2.575 1.592 
F(000) 2232.0 1220.0 2500.0 
Crystal size/mm3 0.2 × 0.18 × 0.03 0.15 × 0.15 × 0.05 0.12 × 0.1 × 0.08 
2 range for data collection/° 5.436 to 51.998 5.502 to 53 5.61 to 52.994 
No. of reflections measured 24697 13185 20241 
No. of independent reflections 10766 6023 10452 
Rint 0.0608 0.0289 0.0386 
Final R1 values (I > 2σ(I))
* 0.0503 0.0274 0.0666 
Final wR2(F
2) values (I > 2σ(I)) 0.0748 0.0539 0.1298 
Final R1 values (all data) 0.0804 0.0369 0.0864 
Final wR2(F
2) values (all data)† 0.0879 0.0582 0.1420 
Goodness of fit on F2 1.066 1.041 1.097 
*R1 = Fo-Fc/Fo, †wR2 = [w(Fo2-Fc2)2/w(Fo2)2]1/2 
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Fig. S4. Thermal ellipsoid representation of the molecular structure of 1 shown at the 50% probability level, 
hydrogen atoms on carbon groups are omitted for clarity. Colour scheme: Dy, green; C, grey; O, red; B, yellow; H, 
white. 5 
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Table S2. Selected bond lengths (Å) for compound 1.‡ 
Molecule A Molecule B (disordered part 1) Molecule B (disordered part 2) 
Dy1-C1 2.633(5) Dy2-C25 2.683(11) Dy2-C25A 2.686(3) 
Dy1-C2 2.683(6) Dy2-C26 2.681(13) Dy2-C26A 2.632(4) 
Dy1-C3 2.678(6) Dy2-C27 2.654(19) Dy2-C27A 2.633(3) 
Dy1-C4 2.671(6) Dy2-C28 2.608(19) Dy2-C28A 2.687(5) 
Dy1-C5 2.639(6) Dy2-C29 2.667(14) Dy2-C29A 2.719(1) 
Dy1-O1 2.408(5) Dy2-O2 2.371(5)   
Dy1-CpcentA 2.377(1) Dy2-Cpcent 2.365(1) Dy2-Cpcent 2.383(1) 
‡There are two unique molecules in the asymmetric unit of 1, one of which (molecule B) features a CpiPr5 ligand 
disordered over two sites. 
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Fig. S5. Thermal ellipsoid representation of the molecular structure of 2 shown at the 50% probability level, 
hydrogen atoms on carbon groups are omitted for clarity. Colour scheme: Dy, green; C, grey; B, yellow; H, white. 
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Table S3. Selected bond lengths (Å) and angles (°) for compound 2. 
Dy1-C1 2.660(3) 
Dy1-C2 2.660(3) 
Dy1-C3 2.677(3) 
Dy1-C4 2.640(3) 
Dy1-C5 2.626(3) 
Dy1–Cp* (centroid) 2.364(1) 
Dy1-C11 2.677(3) 
Dy1-C12 2.671(3) 
Dy1-C13 2.685(3) 
Dy1-C14 2.682(3) 
Dy1-C15 2.660(3) 
Dy1–CpiPr5 (centroid) 2.382(1) 
Cp-Dy1-Cp 150.289(1) 
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Fig. S6. Thermal ellipsoid representation of the molecular structure of 3 shown at the 50% probability level, 
hydrogen atoms on carbon groups are omitted for clarity. Colour scheme: Dy, green; C, grey; B, yellow; F, light 
blue. 
  5 
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Fig. S7. View of core of Dy-5*, with thermal ellipsoids set at 50% probability. iPr Groups on the Cp ring and all 
hydrogen atoms are omitted for clarity. Color schemes for the structure: Dy, green; C, gray. 
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Table S4. Selected bond lengths (Å) and angles (°) for compound 3 and compound 2 for comparison. 
 3 2 
Dy1–C1 2.551(6) 2.660(3) 0.109 
Dy1–C2 2.604(6) 2.660(3) 0.056 
Dy1-C3 2.651(6) 2.677(3) 0.026 
Dy1–C4 2.598(6) 2.640(3) 0.042 
Dy1–C5 2.550(6) 2.626(3) 0.076 
Dy1–Cp* (centroid) 2.296(1) 2.364(1) 0.068 
Dy1–C11 2.513(6) 2.677(3) 0.164 
Dy1–C12 2.586(7) 2.671(3) 0.084 
Dy1–C13 2.653(7) 2.685(3) 0.032 
Dy1–C14 2.612(6) 2.682(3) 0.07 
Dy1–C15 2.525(6) 2.660(3) 0.135 
Dy1–CpiPr5 (centroid) 2.284(1) 2.382(1) 0.098 
Cp*-Dy1-CpiPr5 162.507(1) 150.289(1) -12.218 
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Magnetic property measurements 
Samples of 1-3 were prepared by adding crushed crystalline samples and eicosane into 7mm NMR tubes. The tubes 
were evacuated and flame sealed. The eicosane was melted in a water bath 40 °C to prevent crystallite torqueing. The 
direct current (D.C.) magnetic susceptibility and magnetization data were collected using a Quantum Design MPMS3-
VSM SQUID magnetometer in cooling mode. Alternating current (A.C.) magnetic susceptibility measurements were 5 
performed using a Quantum Design MPMS XL-7 SQUID magnetometer using an oscillating field of 5 Oe. 
Measurements of the magnetization decay were performed by first magnetizing the sample in a field of 70 kOe, and 
then removing the field and measuring the magnetization over time with the VSM option. Diamagnetic corrections 
were performed using Pascal’s coefficients (42). 
 10 
 
 
Fig. S8. Plot of MT versus temperature for 1 in an applied magnetic field of 1 kOe. MT(300 K) = 14.15 cm3 K mol-
1, MT(2 K) = 9.90 cm3 K mol-1. 
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Fig. S9. Field dependence of the magnetization, M, at 2 K (blue circles) and 5 K (red circles) for 1. M = 5.25 N at 2 
K and 70 kOe. 
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Fig. S10. Plot of MT versus temperature for 2 in an applied magnetic field of 1 kOe. MT(300 K) = 13.84 cm3 K 
mol-1, MT(2 K) = 11.78 cm3 K mol-1. 
  
Submitted Manuscript: Confidential 
25 
 
 
Fig. S11. Field dependence of the magnetization, M, at 2 K (blue circles) and 5 K (red circles) for 2. M = 5.19 N at 
2 K and 70 kOe. 
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Fig. S12. Plot of MT versus temperature for 3 in an applied magnetic field of 1 kOe. MT(300 K) = 13.75 cm3 K 
mol-1, MT(2 K) = 0.94 cm3 K mol-1. 
 
 5 
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Fig. S13. Frequency dependence of the in-phase susceptibility ('M) for 1 in zero DC field at AC frequencies of 1-
1488 Hz from 2.5 to 30 K. Solid lines are a guide to the eye. 
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Fig. S14. Frequency dependence of the out-of-phase susceptibility (''M) in zero DC field at AC frequencies of 1-
1488 Hz from 2.5 to 30 K. Solid lines are a guide to the eye. 
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Fig. S15. Cole−Cole plots for the AC susceptibilities in zero DC field for 1 from 2.5-12 K. Solid lines represent fits 
(adjusted R2 = 0.99861-0.99923) of the data in figs S13 and S14 using equations 1 and 2, which describe ' and '' in 
terms of frequency, isothermal susceptibility (T), adiabatic susceptibility (S), relaxation time (), and a variable 
representing the distribution of relaxation times () (43). 5 
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Fig. S16. Cole-Cole plots for the AC susceptibilities in zero DC field for 1 from 14-23 K. Solid lines represent fits 
(adjusted R2 = 0.99948-0.99993) of the data in figs S13 and S14 using equations 1 and 2. 
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Table S5. Relaxation fitting parameters for 1 corresponding to figs S13 and S14 (adjusted R2 = 0.99861-0.99993). 
T / K T / cm3 mol-1 S / cm3 mol-1   / s 
2.5 4.49391(0.02022) 0.56172(0.01671) 0.18318(0.00708) 0.00487(6.94E-5) 
3 3.85975(0.0185) 0.47843(0.01515) 0.19404(0.00745) 0.00495(7.56E-5) 
4 2.97111(0.01432) 0.3842(0.01191) 0.18576(0.00763) 0.00481(7.42E-5) 
5 2.43992(0.01154) 0.31918(0.00962) 0.1859(0.00751) 0.00478(7.25E-5) 
6 2.0572(0.00928) 0.27241(0.00784) 0.18414(0.00723) 0.00466(6.77E-5) 
8 1.56272(0.00668) 0.21582(0.00595) 0.16666(0.00715) 0.00418(5.83E-5) 
10 1.25775(0.00465) 0.1802(0.00454) 0.13956(0.00659) 0.00345(4.23E-5) 
12 1.03502(0.00318) 0.15365(0.00354) 0.10738(0.00594) 0.00259(2.73E-5) 
14 0.89187(0.00216) 0.13468(0.00274) 0.08744(0.00502) 0.00194(1.68E-5) 
16 0.78327(0.00146) 0.11999(0.00215) 0.07435(0.00418) 0.00142(1.00E-5) 
18 0.69785(0.00102) 0.10838(0.00182) 0.06474(0.00359) 9.78557E-4(5.9E-6) 
20 0.62998(7.760E-4) 0.09887(0.00192) 0.06082(0.00354) 5.61539E-4(3.4E-6) 
21 0.60067(7.132E-4) 0.09606(0.0023) 0.05909(0.00389) 3.84293E-4(2.7E-6) 
22 0.57423(6.035E-4) 0.09477(0.00282) 0.05795(0.00413) 2.4854E-4(2.1E-6) 
23 0.54944(4.499E-4) 0.0957(0.00347) 0.05334(0.00414) 1.54379E-4(1.7E-6) 
 
 
 
  5 
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Fig. S17. Plot of natural log of the relaxation time vs. inverse temperature for 1. The red points are from the AC 
susceptibility measurements. The solid green line is the best fit (adjusted R2 = 0.9873) to equation     =
   
        /    +     +     
   , giving: Ueff = 241(8) cm-1, 0 = 6.4(3) × 10-11 s, C = 2.24(1) × 10−2 s−1 K−n, n = 3.6(1) 
and QTM = 5.0(1)  10–3 s. 5 
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Fig. S18. Magnetic hysteresis loops for 1. The data were collected continuously at 2 K using a field sweep speed of 
200 Oe s–1. 
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Fig. S19. Frequency dependence of the in-phase susceptibility ('M) for 2 in zero DC field at AC frequencies of 1-
1488 Hz from 3-50 K. Solid lines are a guide to the eye. 
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Fig. S20. Frequency dependence of the out-of-phase susceptibility (''M) for 2 in zero DC field at AC frequencies of 
1-1488 Hz from 3-50 K. Solid lines are a guide to the eye. 
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Fig. S21. Cole−Cole plots for the AC susceptibilities in zero DC field for 1 from 3-20 K. Solid lines represent fits 
(adjusted R2 = 0.9993-0.99995) to the data in figs S19 and S20 using equations 1 and 2, which describe ' and '' in 
terms of frequency, isothermal susceptibility (T), adiabatic susceptibility (S), relaxation time (), and a variable 
representing the distribution of relaxation times () (42). 5 
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Table S6. Relaxation fitting parameters for 2 corresponding to figs S19 and S20 (adjusted R2 = 0.99993-0.99995). 
T / K T / cm3 mol-1 S / cm3 mol-1   / s 
3 3.86324(0.00289) 0.37725(0.01579) 0.09626(0.00291) 2.20617E-4(1.55E-6) 
4 2.9183(0.00227) 0.27551(0.01293) 0.09689(0.00307) 2.11651E-4(1.60E-6) 
5 2.34983(0.00183) 0.22701(0.01079) 0.09658(0.00314) 2.04507E-4(1.61E-6) 
6 1.96622(0.00139) 0.19339(0.00848) 0.09481(0.00291) 1.98125E-4(1.46E-6) 
8 1.48638(0.00706) 0.1535(0.00111) 0.08907(0.00315) 1.90219E-4(1.53E-6) 
11 1.08793(8.94E-4) 0.11988(0.00592) 0.07876(0.00357) 1.80442E-4(1.64E-6) 
14 0.85288(6.98E-4) 0.09814(0.005) 0.0671(0.00372) 1.66551E-4(1.60E-6) 
17 0.70546(5.11E-4) 0.08254(0.00409) 0.05466(0.00349) 1.49936E-4(1.39E-6) 
20 0.60135(3.85E-4) 0.06778(0.00362) 0.04384(0.00332) 1.3084E-4(1.22E-6) 
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Fig. S22. Plot of natural log of the relaxation time vs. inverse temperature for 2. The solid black line is the best 
linear Arrhenius fit (three data points at higher temperatures, adjusted R2 = 0.9388) to  = 0 exp (Ueff/kBT), giving 
Ueff  7(1) cm–1 and 0 = 7.6 (5) × 10-5. 
  5 
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Fig. S23. Magnetic hysteresis loops for 2. The data were continuously collected at 2 K under a field sweep speed of 
200 Oe s–1. 
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Fig. S24. Frequency dependence of the in-phase 'MT product and the out-of-phase susceptibility ''M for 3, 
collected under zero D.C. field at ac frequencies of  = 0.1-1488 Hz from 82-138 K. Solid lines represent fits to the 
data using equation S1 and S2 (adjusted R2 = 0.99823-0.99988). 
  5 
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Fig. S25. Temperature dependence of the in-phase 'MT product and the out-of-phase susceptibility ''M for 3, 
collected under zero D.C. field at ac frequencies of  = 0.1-1488 Hz from 76-144 K. Solid lines are a guide to the 
eye. 
  5 
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Fig. S26. Cole-Cole plots for the AC susceptibilities in zero DC field for 3 from 82-100 K. Solid lines represent fits 
to the data in fig. S24 using equations 1 and 2 (adjusted R2 = 0.99823-0.99970). 
  5 
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Fig. S27. Cole-Cole plots for the AC susceptibilities in zero DC field for 3 from 102-120 K. Solid lines represent fits 
to the data in fig. S24 using equations 1 and 2 (adjusted R2 = 0.99964-0.99988). 
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Fig. S28. Cole-Cole plots for the AC susceptibilities in zero DC field for 3 from 122-138 K. Solid lines represent fits 
to the data in fig. S24 using equations 1 and 2 (adjusted R2 = 0.99977-0.99986).   
Submitted Manuscript: Confidential 
46 
 
Table S7. Relaxation fitting parameters for 3 corresponding to fig. S24 using equations 1 and 2 (adjusted R2 = 
0.99823-0.99988). 
T / K T / cm3 mol-1 S / cm3 mol-1   / s 
82 0.14931(0.0015) 0.00407(1.51E-4) 0 a 1.93903(0.02372) 
84 0.14522(8.51E-4) 0.00409(1.65E-4) 0 a 1.11075(0.00924) 
86 0.14279(7.79E-4) 0.00406(2.33E-4) 0 a 0.64982(0.00593) 
88 0.1396(6.34E-4) 0.00409(2.02E-4) 0.00589(0.00427) 0.38196(0.00273) 
90 0.13751(6.57E-4) 0.0041(2.84E-4) 0.0027(0.00524) 0.22939(0.00193) 
92 0.13368(4.57E-4) 0.00401(2.53E-4) 0.00319(0.00424) 0.13787(9.23E-4) 
94 0.13284(4.08E-4) 0.00364(2.79E-4) 0.01134(0.00422) 0.08565(5.71E-4) 
96 0.13008(2.89E-4) 0.00378(2.43E-4) 0.01336(0.00337) 0.0531(2.81E-4) 
98 0.12747(2.89E-4) 0.0037(3.01E-4) 0.01277(0.00378) 0.0331(1.93E-4) 
100 0.12496(2.75E-4) 0.00383(3.57E-4) 0.01234(0.00405) 0.02112(1.29E-4) 
102 0.12268(2.41E-4) 0.00374(1.29E-4) 0.01179(0.00237) 0.01361(5.2E-5) 
104 0.11981(2.84E-4) 0.004(1.84E-4) 0.01223(0.00314) 0.00893(4.4E-5) 
106 0.11765(1.51E-4) 0.00366(1.16E-4) 0.01178(0.00184) 0.00589(1.7E-5) 
108 0.11578(2.33E-4) 0.00338(2.13E-4) 0.01342(0.00315) 0.00394(1.9E-5) 
110 0.11353(1.46E-4) 0.00362(1.57E-4) 0.01535(0.00218) 0.00267(9E-6) 
112 0.11143(1.31E-4) 0.00336(1.67E-4) 0.01497(0.00216) 0.00183(6E-6) 
114 0.10988(1.79E-4) 0.00357(2.69E-4) 0.01494(0.00324) 0.00128(6E-6) 
116 0.10802(1.45E-4) 0.00337(2.63E-4) 0.01744(0.00292) 8.91887E-4(4E-6) 
118 0.10593(1.21E-4) 0.00299(2.69E-4) 0.01764(0.00272) 6.27543E-4(3E-6) 
120 0.1043(1.39E-4) 0.00341(3.79E-4) 0.0139(0.0035) 4.53559E-4(3E-6) 
122 0.10253(1.18E-4) 0.00311(4.14E-4) 0.01597(0.00341) 3.26751E-4(2E-6) 
124 0.10112(1.38E-4) 0.00207(6.51E-4) 0.02504(0.00459) 2.36554E-4(2E-6) 
126 0.09944(1.19E-4) 0.00276(7.63E-4) 0.01631(0.00472) 1.75965E-4(2E-6) 
128 0.09775(1.29E-4) 0§ 0.02697(0.00348) 1.24907E-4(7E-7) 
130 0.09623(1.18E-4) 0§ 0.01727(0.00376) 9.36102E-5(6E-7) 
132 0.09478(1.15E-4) 0§ 0.01038(0.00441) 7.22468E-5(5E-7) 
134 0.09338(1.33E-4) 0§ 0.01333(0.00641) 5.41842E-5(6E-7) 
136 0.09225(1.22E-4) 0§ 0.00674(0.00732) 4.2074E-5(6E-7) 
138 0.09038(9E-5) 0§ 0§ 3.29312E-5(4E-7) 
§ These parameter values were restricted to non-negative. 
 
 5 
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Fig. S29. Plot of magnetization decay vs. time used to derive D.C. relaxation times for 3 at 83 K. The solid line is the 
best fit (adjusted R2 = 0.98704) to the exponential decay as M(t) = Mf + (M0 – Mf) exp[(-(t/)], where M0 is the initial 
magnetization, Mf is the final magnetization,  is the relaxation time, and  is a generalized coefficient, which should 
be equal to 1 for an ideal exponential decay (44). 5 
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Fig. S30. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 80 K. The solid line is the best 
fit (adjusted R2 = 0.99995). 
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Fig. S31. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 77 K. The solid line is the best 
fit (adjusted R2 = 0.99999) 
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Fig. S32. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 74 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S33. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 70 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S34. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 65 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S35. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 60 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S36. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 55 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S37. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 50 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S38. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 45 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S39. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 40 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S40. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 35 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
 
  5 
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Fig. S41. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 30 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S42. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 25 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S43. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 20 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S44. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 15 K. The solid line is the best 
fit (adjusted R2 = 0.99999). 
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Fig. S45. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 10 K. The solid line is the best 
fit (adjusted R2 = 0.99496). 
 5 
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Fig. S46. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 5 K. The solid line is the best 
fit (adjusted R2 = 0.99981). 
 
  5 
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Fig. S47. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 3 K. The solid line is the best 
fit (adjusted R2 = 0.99988). 
 
  5 
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Fig. S48. Plot of magnetization decay vs. time used to derive relaxation times for 3 at 2 K. The solid line is the best 
fit (adjusted R2 = 0.99987). 
 
  5 
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Table S8. Fitting parameters (initial magnetization (M0), final magnetization (Mf), relaxation time (), and 
generalized coefficient ()) at different temperatures from the least-squares fitting to the exponential decay as M(t) = 
Mf + (M0 – Mf) exp[(-(t/)], as shown in Figs S28-47. 
 
T / K Mf M0  / s 
83 2.333E-5(1.05456E-6) 9.12426E-4(1.22488E-5) 1.65757(0.03581) 0.99298(0.02524) 
80 2.69678E-5(3.87416E-7) 0.0037(3.30042E-6) 3.79986(0.0051) 0.99183(0.00158) 
77 2.96495E-5(2.63559E-7) 0.00903(2.77361E-6) 8.7829(0.00397) 0.989(5.14273E-4) 
74 3.13749E-5(4.14148E-7) 0.02259(4.20701E-6) 19.42917(0.00526) 0.99038(3.0936E-4) 
70 3.81903E-5(3.36062E-7) 0.05387(3.52256E-6) 48.16993(0.0046) 0.99029(1.08888E-4) 
65 4.71853E-5(6.12373E-7) 0.10503(5.84923E-6) 102.2216(0.00822) 0.99004(9.23419E-5) 
60 5.29568E-5(7.99987E-7) 0.14681(7.11692E-6) 155.65568(0.01085) 0.98951(8.0585E-5) 
55 5.51123E-5(5.37387E-7) 0.18458(6.36993E-6) 209.73978(0.01047) 0.98915(5.60495E-5) 
50 7.23388E-5(8.6869E-7) 0.22575(8.25764E-6) 277.48637(0.0146) 0.98836(6.0199E-5) 
45 7.36067E-5(7.55136E-7) 0.275(8.88649E-6) 372.30721(0.01741) 0.98624(5.21485E-5) 
40 7.9442E-5(6.04084E-7) 0.33329(8.4102E-6) 513.33216(0.01882) 0.98311(4.01327E-5) 
35 1.03945E-4(1.10555E-6) 0.4027(1.13401E-5) 734.77403(0.02993) 0.97971(4.53101E-5) 
30 1.44376E-4(1.42303E-6) 0.48457(1.26912E-5) 1104.31405(0.04179) 0.97338(4.2207E-5) 
25 1.46218E-4(1.04778E-6) 0.58096(1.18356E-5) 1771.66403(0.05294) 0.96081(3.14904E-5) 
20 2.19179E-4(9.35164E-7) 0.69231(1.01541E-5) 3098.24988(0.06771) 0.93437(2.17103E-5) 
15 0 ¶ 0.81241(7.99746E-6) 6110.46111(0.08463) 0.87563(1.7337E-5) 
10 0 ¶ 0.93921(8.03942E-4) 14141.90002(42.164) 0.7215(0.00181) 
5 0 ¶ 1.03842(1.61675E-4) 24495.33818(17.802) 0.56612(2.55531E-4) 
3 0.00384(2.05664E-4) 1.06255(1.29131E-4) 25686.06941(13.116) 0.54542(1.83166E-4) 
2 0.01669(2.27147E-4) 1.05863(1.35629E-4) 25219.21229(14.401) 0.55272(2.02263E-4) 
 5 
¶ These parameter values were restricted to non-negative. 
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Fig. S49. Magnetic hysteresis loops for 3, continuously collected at 2 K for selected field ramping speeds. 
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Table S9. Coercive fields for 3 at different sweep rate at 2 K, corresponding to Fig. S49. 
Sweep rate / Oe s–1 Coercive field / Oe 
700 > 70000 
350 58146 
200 49741 
100 41722 
50 35632 
25 30893 
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Fig. S50. Magnetic hysteresis loops for 3, continuously collected at 77 K for selected field ramping speeds. Inset: 
Local zoom plot of magnetic hysteresis loops for 3Dy at low field. 
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Table S10. Coercive fields at different sweep rate at 77 K, corresponding to Fig. S50. 
Sweep rate / Oe s–1 Coercive field / Oe 
700 5802 
350 2946 
200 1688 
100 825 
50 398 
25 191 
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Fig. S51. Field-cooled (FC, blue line) and zero-field-cooled (ZFC, red line) variable-temperature magnetic 
susceptibility for 3Dy under 1000 Oe DC filed in warm mode (2 K/min) from 2 to 100 K. The green line represents 
FC variable-temperature magnetic susceptibility in cool mode (2 K/min) from 100 to 2 K. 
 5 
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Supplementary text: 
 
Computational details: 
 
The static electronic structure was calculated using the multireference XMS-CASPT2//SA-5 
CASSCF/RASSI approach (33, 34) and the Molcas quantum chemistry code version 8.2 (45). The 
geometry was extracted from the crystal-structure and the positions of the hydrogen atoms were 
optimized at density function theory (DFT) level using the same level of theory as in the frequency 
calculations (vide infra) while the coordinates of the heavier atoms were fixed to their XRD-
determined positions. The nine 4f electrons and the seven 4f orbitals of the Dy(III) ion were used 10 
as the active space. Relativistically contracted atomic natural orbital (ANO-RCC) basis sets were 
used throughout (46, 47). A polarized valence quadruple-ζ quality (ANO-RCC-QZVP, 
[9s8p6d4f3g2h] contraction) basis set was used for the Dy(III) ion, polarized valence triple-ζ 
quality (ANO-RCC-VTZP, [4s3p2d1f] contraction) basis set was used for the carbon atoms in the 
Cp rings, and polarized valence double-ζ quality (ANO-RCC-VDZP, [3s2p1d] and [2s1p] 15 
contractions) basis sets were used for the other C and H atoms. Scalar relativistic effects were 
treated using the exact two-component (X2C) transformation (48-50) as implemented in Molcas. 
Cholesky decomposition using a threshold of 10-8 was used to reduce the storage size of the two-
electron integrals. 
 20 
Three separate state-averaged (SA) complete active space self-consistent field (CASSCF) 
calculations (51-54) were carried out to solve the 21 sextet, 228 quartet, and 490 doublet roots. 
Then, a series of extended multistate (XMS) complete active space perturbation theory at second 
order (CASPT2) calculations were conducted on the lowest 21 sextet, 128 quartet, and 130 doublet 
states corresponding to an energy cut-off of 50,000 cm–1 at CASSCF level.  The XMS version (30) 25 
of the well-known CASPT2 approach (55-58) was chosen to avoid artificial splitting of spatially 
degenerate or near-degenerate states observed in the conventional multistate CASPT2 approach 
(59). The XMS-CASPT2 corrections were only calculated to the eigenvalues and no mixing of the 
CASSCF eigenstates under dynamic electron correlation was taken into account (the “NOMULT” 
keyword in Molcas). The states chosen into each XMS group correspond to some term or closely 30 
spaced group of terms of the free Dy(III) ion. A total of three groups containing 11, 7, and 3 
CASSCF states were used for the sextets, twelve groups were containing 13, 7, 19, 9, 15, 17, 5, 
11, 3, 9, 7, and 13 CASSCF states were used for the quartet CASSCF states, and ten groups 
containing 17, 15, 3, 21, 7, 19, 11, 5, 9, and 23 states were used for the doublets. Finally, all states 
used in the XMS-CASPT2 calculations were mixed by spin-orbit coupling (SOC) using the well-35 
established restricted active space state interaction (RASSI) approach (59). The static magnetic 
properties (g-tensors, magnetic susceptibility, and magnetization) were calculated using the 
SINGLE_ANISO routine (31, 59, 60) The CF parameters were calculated using the ab-initio 
crystal-field approach (33, 34) as implemented in SINGLE_ANISO. 
 40 
The vibrational modes were calculated at DFT level using the Gaussian 09 code revision D.01 
(61). The PBE0 hybrid exchange-correlation functional (62-65) was used along with Ahlrichs’ 
TZVP basis sets (66). A 4f-in-core effective core potential (ECP), which treated the inner 55 
electrons as an effective potential, along with a core-polarized valence triple-ζ quality basis was 
used for the Dy(III) ion (67-70). The geometry was fully optimized without any constraints. 45 
Dispersion effects were introduced using the empirical DFT-D3 dispersion correction (71) with 
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the Becke-Johnson damping function (72) The “UltraFine” integration grid (99 radial points and 
590 angular points per atom) and “tight” convergence criteria (thresholds 1.5 · 10–5, 1.0 · 10–5, 
6.0 · 10–5, and 4.0 · 10–5 for maximum force, RMS, force, maximum displacement, and RMS 
displacement, respectively) were used in Gaussian. All normal modes correspond to bound 
vibrations. 5 
 
The differentials of the CF parameters were calculated using single point-calculations at XMS-
CASPT2//CASSCF/RASSI level on geometries generated by displacing the equilibrium structure along the normal 
modes. The total displacement (i.e. the sum of all displaced distances) was normalized to 2.0 Å. Several different 
values of this number were tried in preliminary calculations to minimize the numerical error and to maximize the 10 
stability of the numerical derivatives with respect to small variations of the normalized distance. Two displacements 
(positive and negative) were used for each normal mode, and the first derivatives of the CF parameters were 
evaluated using a finite difference method (symmetric derivative). The level of theory in the single point ab initio 
calculations was lowered somewhat to reduce the overall computational costs. The basis set was reduced so that the 
Dy(III) ion wast treated with a polarized valence triple-ζ quality (ANO-RCC-VTZP) basis set, the carbon atoms in 15 
the cyclopentadienyl rings were treated with a  polarized valence double-ζ quality (ANO-RCC-VTZP, 
[8s7p5d3f2g1h] contraction) basis set, and the other atoms were treated with double-ζ (ANO-RCC-VDZ, [3s2p] and 
[2s] contractions for C and H, respectively) basis sets. In the CASSCF calculations and the subsequent XMS-
CASPT2 and RASSI calculations, only the 21 sextet states were considered. This approximation does introduce 
some error but should still yield results very close to those obtained at a considerably higher cost by calculating also 20 
the quartet and doublet states. With the exception of the simplifications listed above, the single-point calculations 
were carried out at the same level as the calculations on the static electronic structure. The generation of the 
displaced geometries and the subsequent calculations of the derivatives was carried out using a custom code. 
 
The ab initio CF parameters were calculated for the Dy-5* cation following previously established 25 
methodology (32, 33). The CF parameters that normally correspond to Stevens’ original definition 
of operator equivalents (written as     
  (  )) were converted to the newer Iwahara-Chibotaru 
definition (written as     (  )) of the CF Hamiltonian (73, 74): 
 
 ,     = ∑        (  )   = ∑      
    
  (  )
   
  ( )
 (1) 30 
 
where Bkq are the CF parameters and    
  ( ) is obtained from     
       by the replacement     →  . The ranks, k, are 
even numbers and run up to 2J. The components q run from –k to k for each rank k. The newer definition of the 
operator equivalents has several advantages over the conventional definition; namely, the matrix elements of the 
operators are always of order unity and the magnitudes of the parameters are therefore easy to compare between 35 
different operator ranks. Furthermore, a simple general expression is available for the matrix elements, and the 
magnitudes of the CF parameters are symmetric in q:  |Bkq| = |Bk–q|. The main disadvantage of the definition is that 
the off-diagonal CF parameters are complex. We are, however, mostly interested in the magnitudes of the 
parameters as these enter the expressions for the transition probabilities (vide infra). 
 40 
The first- and second-order contributions of optical phonons to the electronic part of the spin-
phonon coupling Hamiltonian can be estimated as (74, 75): 
 
     
( )
= ∑    ∑  
    
   
 
    
    (  )     (2) 
 ,    
( )
= ∑      ∑  
     
      
 
  ,    
    (  )      (3) 45 
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where Qn is displacement along the nth normal mode, Bkq are CF parameters in the Iwahara–
Chibotaru definition, and     (  ) are operator equivalents in the Iwahara–Chibotaru definition. The 
transition probabilities between CF states | ⟩ and |  ⟩   following the direct, first-order Raman, 
and second-order Raman mechanisms, in that order, are given by (42, 74, 76): 
 5 
  (  ←   ) =
  
ħ 
        
( )
     
 
 ( ), (4) 
  (  ←   ) =
  
ħ 
        
( )
     
 
 ( ), and (5) 
  (  ←   ) =
  
ħ 
 
       
( )
   ′   ′′     
( )
    
 
 
 
 ( ), (6) 
 
where ħ is the reduced Planck constant,  ( ) is a factor depending on the vibrational modes and 10 
the energy difference between the states | ⟩ and |  ⟩, |  ′⟩ is an intermediate state in the first-
order Raman process, and Δ is the energy of the intermediate state relative to the initial state. Thus, 
in each case the spin-phonon transition probability is proportional to the matrix elements of the 
first- or second-order spin-phonon coupling Hamiltonian. The actual Orbach process consists of 
several consecutive direct transitions. 15 
 
The normal modes of Dy-5* were calculated at density functional theory (DFT) level and the 
respective frequencies are listed in Table S15. This introduces some approximation as the geometry 
must be optimized and a gas-phase optimization necessarily excludes crystal-packing effects. 
Furthermore, the effect of 4f configuration and 4f–ligand covalency were neglected in the 20 
calculations as these are difficult to treat at DFT-level. The optimized bond distances between the 
Dy ion and the centroids of the Cp* and CpiPr5 rings are 2.322 Å and 2.304 Å, respectively, and 
the Cp*–Dy–CpiPr5 angle is 158.42°. The respective experimentally determined parameters are 
2.296(1) Å, 2.284(1) Å, and 162.507(1) Å. Although, the geometric parameters are qualitatively 
similar, the calculated bond-lengths are overestimated roughly by 0.02 Å most likely due to the 25 
fact that the 4f–ligand covalency is neglected. The calculated bend angle is also slightly more 
acute. Although the errors in the bond lengths are less than a percent and the error in the bend angle 
is less than three percent, these deviations are large enough to cause quantitative errors in the 
calculated CF parameters. 
 30 
To analyze the extent to which different approximation in the calculations affect the results, the 
CF splitting of the ground 6H15/2 multiplet was calculated on the optimized geometry using the 
same level of theory used in the evaluation of the spin-phonon couplings (see section 
Computational details for further details). The results are listed in Table S16. The CF splitting 
calculated on the DFT-optimized geometry is roughly 75% of that calculated on the crystal 35 
structure geometry. This is consistent with the overestimated Dy–ligand distances. Despite these 
errors, the splitting is still qualitatively correct, and since the evaluation of derivatives concerns 
energy differences of slightly distorted structures, most of the error present in the absolute values 
of the splittings should cancel, and the evaluated energy differences should be much more accurate 
than the absolute splittings. Thus, the 25% error in the splittings defines the maximum error in the 40 
derivatives and the actual errors should be much smaller. It is therefore reasonable to assume that 
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the errors originating from the DFT optimization are not much larger than the errors originating 
from assuming that the molecular vibrations are an approximation of the optical phonons. 
 
The first derivatives of the CF parameters with respect to each of the 237 normal modes of Dy-5* 
were numerically evaluated by single point calculations at XMS-CASPT2//SA-CASSCF/SO-5 
RASSI level on geometries displaced in positive and negative directions along the normal modes. 
Evaluation of the second derivatives, although in principle possible, is unfeasible in terms of 
computational time required. Thus, the vibrational contributions to first-order Raman relaxation 
were not evaluated. Only operator equivalents up to rank k = 6 were considered. In principle, 
operators up to rank k = 14 can make contributions and the derivatives were calculated, but the 10 
small values of the respective CF parameters and resulting derivatives makes it impossible to 
reliably distinguish the values from numerical noise. Since only the magnitudes of the derivatives 
enter the final relaxation rate expressions, only these are considered, and since |Bkq| = |Bk–q|, only 
positives values of q are listed. The squared magnitudes of the first derivatives are listed in Table 
S17. 15 
 
It is clear that the largest derivatives are those of the 2nd rank parameters and, thus, these terms in 
the operator lead to the largest matrix elements and the first-order (non-Raman) relaxation can be 
qualitatively understood by considering the 2nd rank terms only. The states in the lowest six 
doublets have very large projections on some |  ⟩ state, and can be, to a first approximation, 20 
considered as pure |  ⟩ states: | ⟩ ∼ |  ⟩ and | ′⟩ ∼ |  ′⟩. Then, the    ± (  ) operators induce 
direct transitions between two |  ⟩ states differing by Δ  =   −    = ±2, the    ± (  ) operators 
induce transitions between neighboring states differing by Δ  = ±1, and the     (  ) operator does 
not induce any transitions. If one confines themselves to the lowest six doublets (the seventh and 
eighth doublets do not take part in the Orbach process based on the experimental effective barrier 25 
height and on the extent of QTM due to the transverse components of the g-tensors), the energy 
range of the Δ  = ±1 transitions (the energy difference between the relevant doublets) ranges 
from 432 cm–1 to 1061 cm–1 and the energy range of the  Δ  = ±2 transitions from 212 cm–1 to 
672 cm–1. The normal modes within these energy scales causing the largest spin-phonon couplings 
    ± /   
 
 and     ± /   
 
 are listed in Table S18. 30 
 
Examining the values in Table S18, the respective vibrational modes, and confining the analysis 
to vibrational modes that cause spin-phonon couplings larger than     ± /   
 
= 1000 and 
    ± /   
 
= 1000, all relevant spin-phonon couplings are associated to vibrational modes of 
the Cp cores of the CpiPr5 and Cp* ligands. Only the modes 75 and 98 are mostly confined to the 35 
iPr5 and CH3 groups, respectively, with minor coupling to the Cp ring vibrations. The largest 
    ± /   
 
 couplings are caused by rocking vibrations where the Cp core rocks relative to the 
rest of the molecular structure. The modes 54 and 55, which cause the most significant spin-phonon 
couplings, are associated to rocking of the Cp core of the Cp* ligand and the modes 67 and 68 are 
associated to the rocking of the Cp core of the CpiPr5 ligand. The modes 70 and 71 are out-of-plane 40 
vibrations of the Cp* ligand with significant coupling with CH3 vibrations and mode 66 
corresponds to a symmetric in-plane stretching vibration of the CpiPr5 ligand. The     ± /   
 
 
couplings are caused by a variety of modes including in-plane asymmetric vibrations of the CpiPr5 
ligand (modes 73, 97, and 100) and the Cp* ligand (mode 62); out-of-plane vibrations of the CpiPr5 
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ligand (modes 70, 74, and 75) and the Cp* ligand (modes 71); in-plane symmetric vibrations of 
the CpiPr5 ligand (modes 79) and the Cp* ligand (modes 63, 90, 92); and rocking of the CpiPr5 
ligand (modes 67 and 68) and the Cp* ligand (modes 54 and 55). 
 
 5 
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Table S11. The energies, principal values of the g-tensors, the directions of the principal magnetic 
axes, and the angle between the principal axis of the ground doublet (θ) of the eight lowest 
Kramers’ doublets (KDs) in 3 corresponding to the CF-split states of the 6H15/2 multiplet. 
 
KD E / cm–1 gx gy gz θ/° 
1 0 0.00000 0.00000 20.00428 - 
2 672 0.00005 0.00006 16.93927 2.3 
3 1061 0.00662 0.00715 14.35416 4.2 
4 1304 0.03384 0.04607 11.74560 2.6 
5 1524 0.05323 0.13563 9.06000 5.3 
6 1736 2.27195 3.02978 6.08129 5.1 
7 1903 9.37909 6.51116 2.56325 0.9 
8 2104 0.33393 1.09830 17.47525 90.3 
 5 
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Table S12. The squared projections of the CF eigenstates corresponding to the states in the eight 
lowest Kramers’ doublets (KD) on the angular momentum eigenstates |  ⟩. 
M KD 1 KD 2 KD3 KD 4 
+15/2 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
+13/2 0.000 0.000 0.998 0.000 0.002 0.000 0.000 0.000 
+11/2 0.000 0.000 0.002 0.000 0.986 0.000 0.010 0.000 
+9/2 0.000 0.000 0.000 0.000 0.010 0.000 0.982 0.000 
+7/2 0.000 0.000 0.000 0.000 0.002 0.000 0.004 0.000 
+5/2 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 
+3/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
+1/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
–1/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
–3/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
–5/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 
–7/2 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.004 
–9/2 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.982 
–11/2 0.000 0.000 0.000 0.002 0.000 0.986 0.000 0.010 
–13/2 0.000 0.000 0.000 0.998 0.000 0.002 0.000 0.000 
–15/2 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 
         
M KD 5 KD 6 KD 7 KD 8 
+15/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
+13/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
+11/2 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
+9/2 0.005 0.000 0.002 0.000 0.000 0.000 0.000 0.000 
+7/2 0.992 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
+5/2 0.001 0.000 0.961 0.001 0.010 0.019 0.007 0.000 
+3/2 0.000 0.000 0.000 0.014 0.566 0.234 0.016 0.170 
+1/2 0.000 0.000 0.021 0.000 0.058 0.114 0.749 0.058 
–1/2 0.000 0.000 0.000 0.021 0.114 0.058 0.058 0.749 
–3/2 0.000 0.000 0.014 0.000 0.234 0.566 0.170 0.016 
–5/2 0.000 0.001 0.001 0.961 0.019 0.010 0.000 0.007 
–7/2 0.000 0.992 0.000 0.001 0.000 0.000 0.000 0.000 
–9/2 0.000 0.005 0.000 0.002 0.000 0.000 0.000 0.000 
–11/2 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
–13/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
–15/2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table S13. Ab initio CF parameters for 3 using the Iwahara–Chibotaru definition (72, 73): 
k q Re(Bkq) Im(Bkq) |Bkq|  k q Re(Bkq) Im(Bkq) |Bkq| 
2 -2 28.649 -9.636 30.226  8 -8 -0.020 0.028 0.035 
2 -1 -17.653 -1.239 17.696  8 -7 -0.010 0.014 0.017 
2 0 -1195.305 0.000 1195.305  8 -6 0.008 -0.001 0.008 
2 1 17.653 -1.239 17.696  8 -5 -0.073 -0.172 0.186 
2 2 28.649 9.636 30.226  8 -4 -0.290 -0.237 0.375 
4 -4 -10.782 2.081 10.981  8 -3 0.242 0.097 0.261 
4 -3 0.427 -0.248 0.494  8 -2 -3.477 0.360 3.495 
4 -2 -24.584 0.178 24.585  8 -1 -0.529 -0.034 0.530 
4 -1 1.411 0.410 1.469  8 0 4.484 0.000 4.484 
4 0 -37.444 0.000 37.444  8 1 0.529 -0.034 0.530 
4 1 -1.411 0.410 1.469  8 2 -3.477 -0.360 3.495 
4 2 -24.584 -0.178 24.585  8 3 -0.242 0.097 0.261 
4 3 -0.427 -0.248 0.494  8 4 -0.290 0.237 0.375 
4 4 -10.782 -2.081 10.981  8 5 0.073 -0.172 0.186 
6 -6 -0.559 0.730 0.920  8 6 0.008 0.001 0.008 
6 -5 1.015 3.785 3.919  8 7 0.010 0.014 0.017 
6 -4 0.944 2.663 2.825  8 8 -0.020 -0.028 0.035 
6 -3 -2.956 -1.541 3.333  10 -10 -0.001 0.000 0.001 
6 -2 21.692 -1.398 21.737  10 -9 0.000 -0.001 0.001 
6 -1 6.300 0.227 6.304  10 -8 0.001 -0.002 0.003 
6 0 -59.535 0.000 59.535  10 -7 0.003 0.001 0.003 
6 1 -6.300 0.227 6.304  10 -6 -0.001 -0.005 0.005 
6 2 21.692 1.398 21.737  10 -5 0.003 -0.005 0.006 
6 3 2.956 -1.541 3.333  10 -4 0.027 0.009 0.028 
6 4 0.944 -2.663 2.825  10 -3 0.001 0.010 0.010 
6 5 -1.015 3.785 3.919  10 -2 0.341 -0.038 0.343 
6 6 -0.559 -0.730 0.920  10 -1 -0.001 0.000 0.001 
      10 0 0.012 0.000 0.012 
      10 1 0.001 0.000 0.001 
      10 2 0.341 0.038 0.343 
      10 3 -0.001 0.010 0.010 
      10 4 0.027 -0.009 0.028 
      10 5 -0.003 -0.005 0.006 
      10 6 -0.001 0.005 0.005 
      10 7 -0.003 0.001 0.003 
      10 8 0.001 0.002 0.003 
      10 9 0.000 -0.001 0.001 
      10 10 -0.001 0.000 0.001 
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Table S14. Numerical values of the transition magnetic moments of Dy-5* connecting two states belonging to two 
Kramers doublets (KDs) on the opposite sides or same sides of the barrier. 
Barrier-crossing transitions 
 KD1 KD2 KD3 KD4 KD5 KD6 KD7 KD8 
KD1 0.000005 0.000012 0.000089 0.000088 0.000293 0.000626 0.001926 0.001707 
KD2 0.000012 0.000240 0.000425 0.001394 0.000420 0.002808 0.004807 0.008878 
KD3 0.000089 0.000425 0.003344 0.003951 0.004044 0.008199 0.012900 0.021555 
KD4 0.000088 0.001394 0.003951 0.007630 0.008357 0.050925 0.048651 0.074128 
KD5 0.000293 0.000420 0.004044 0.008357 0.014736 0.090351 0.601266 0.278220 
KD6 0.000626 0.002808 0.008199 0.050925 0.090351 1.090432 0.335532 0.734593 
KD7 0.001926 0.004807 0.012900 0.048651 0.601266 0.335532 2.742924 1.868092 
KD8 0.001707 0.008878 0.021555 0.074128 0.278220 0.734593 1.868092 0.203850 
Transitions on same side of the barrier 
 KD1 KD2 KD3 KD4 KD5 KD6 KD7 KD8 
KD1  1.781753 0.113105 0.058649 0.013888 0.005817 0.001070 0.001567 
KD2 1.781753  2.374867 0.078361 0.081337 0.024588 0.012556 0.002410 
KD3 0.113105 2.374867  2.811686 0.154033 0.026191 0.033527 0.012693 
KD4 0.058649 0.078361 2.811686  3.090063 0.157327 0.200615 0.039105 
KD5 0.013888 0.081337 0.154033 3.090063  3.223099 0.074974 0.252528 
KD6 0.005817 0.024588 0.026191 0.157327 3.223099  3.150441 0.711041 
KD7 0.001070 0.012556 0.033527 0.200615 0.074974 3.150441  1.843109 
KD8 0.001567 0.002410 0.012693 0.039105 0.252528 0.711041 1.843109  
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Table S15. The frequencies (ω, in units cm–1) of the calculated normal modes (n) of Dy-5* 
n ω  n ω  n ω  n ω 
1 18.0  61 526.6  121 1221.9  181 1514.3 
2 28.6  62 554.9  122 1235.9  182 1516.1 
3 39.3  63 555.8  123 1320.2  183 1520.4 
4 46.9  64 556.5  124 1329.0  184 1520.7 
5 55.3  65 559.4  125 1336.3  185 1522.9 
6 58.7  66 574.9  126 1347.1  186 1535.0 
7 69.8  67 577.5  127 1351.2  187 1540.2 
8 82.3  68 590.6  128 1357.8  188 2949.1 
9 95.4  69 605.1  129 1360.4  189 2969.1 
10 104.9  70 632.9  130 1363.2  190 3001.1 
11 105.5  71 640.5  131 1372.5  191 3042.7 
12 112.4  72 713.0  132 1377.7  192 3045.7 
13 115.0  73 730.6  133 1381.0  193 3046.5 
14 120.8  74 732.5  134 1390.8  194 3047.8 
15 126.0  75 754.8  135 1396.1  195 3049.2 
16 132.2  76 791.4  136 1397.8  196 3051.3 
17 134.0  77 818.0  137 1405.0  197 3052.3 
18 141.8  78 822.1  138 1406.3  198 3055.5 
19 145.0  79 878.3  139 1407.4  199 3060.8 
20 156.7  80 892.2  140 1411.7  200 3062.0 
21 165.9  81 902.4  141 1412.6  201 3067.1 
22 172.3  82 911.1  142 1415.8  202 3068.0 
23 172.8  83 919.2  143 1417.5  203 3069.0 
24 175.4  84 925.6  144 1418.5  204 3073.9 
25 177.8  85 928.7  145 1421.3  205 3091.4 
26 183.1  86 931.0  146 1423.8  206 3095.4 
27 186.9  87 931.7  147 1424.7  207 3099.9 
28 195.9  88 937.6  148 1432.8  208 3103.3 
29 200.3  89 958.9  149 1443.1  209 3105.5 
30 212.6  90 961.4  150 1446.5  210 3106.4 
31 213.7  91 963.9  151 1450.1  211 3106.9 
32 218.8  92 967.2  152 1456.3  212 3107.8 
33 236.1  93 970.8  153 1466.2  213 3108.0 
34 242.0  94 973.8  154 1467.5  214 3109.0 
35 244.2  95 976.3  155 1469.1  215 3118.2 
36 248.7  96 1033.3  156 1472.3  216 3119.6 
37 254.0  97 1037.3  157 1473.9  217 3127.4 
38 265.4  98 1037.7  158 1475.2  218 3127.6 
39 270.9  99 1043.8  159 1476.8  219 3131.2 
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40 272.3  100 1045.0  160 1478.6  220 3131.6 
41 276.4  101 1045.3  161 1481.1  221 3133.9 
42 279.0  102 1048.4  162 1483.3  222 3135.8 
43 280.1  103 1074.8  163 1484.5  223 3137.3 
44 288.7  104 1085.3  164 1485.1  224 3138.5 
45 292.0  105 1085.8  165 1485.9  225 3141.2 
46 294.5  106 1086.7  166 1486.7  226 3141.3 
47 302.1  107 1120.6  167 1488.6  227 3141.6 
48 308.6  108 1122.6  168 1489.7  228 3151.5 
49 317.2  109 1136.4  169 1490.9  229 3151.9 
50 338.1  110 1142.6  170 1491.9  230 3153.9 
51 350.8  111 1146.9  171 1492.7  231 3155.2 
52 356.6  112 1150.3  172 1495.3  232 3155.5 
53 373.7  113 1153.7  173 1497.1  233 3160.0 
54 394.7  114 1156.6  174 1502.3  234 3162.0 
55 409.7  115 1167.6  175 1506.5  235 3173.4 
56 440.6  116 1182.9  176 1507.9  236 3182.6 
57 458.4  117 1193.6  177 1509.4  237 3188.1 
58 465.9  118 1193.7  178 1512.5    
59 489.6  119 1196.9  179 1512.7    
60 510.7  120 1202.9  180 1514.1    
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Table S16. The CF splitting of the ground 6H15/2 multiplet of Dy-5* as calculated using crystal 
structure and optimized geometry and different levels of theory 
KD 
Full level of theory# Lower level of theory** 
Crystal structure DFT geometry 
1 0 0 
2 672 539 
3 1061 824 
4 1304 992 
5 1524 1143 
6 1736 1293 
7 1903 1414 
8 2104 1536 
# XMS-CASPT2//SA-CASSCF/SO-RASSI, 50,000 cm–1 cutoff for states in XMS-CASPT2 and SO-
RASSI calculations. 
** XMS-CASPT2//SA-CASSCF/SO-RASSI with only sextets included in the XMS-CASPT2 and 
SO-RASSI calculations 
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Table S17. The squared magnitudes of the first derivatives of the CF parameters with respect to 
the normal modes (n, ω) of Dy-5*. 
n ω / cm–1 
      /   
 
  
n ω / cm–1 
      /   
 
 
q k = 2 k = 4 k = 6  q k = 2 k = 4 k = 6 
1 18.0 0 3.6 0.0 0.4  121 1221.9 0 287.4 0.5 2.9 
  1 66.5 0.7 3.1    1 629.0 1.3 1.8 
  2 91.1 2.2 33.7    2 4837.7 16.4 2.6 
  3  0.4 1.9    3  41.1 9.7 
  4  4.9 0.9    4  6.0 2.4 
  5   0.2    5   0.3 
  6   0.3    6   0.0 
2 28.6 0 0.2 1.5 1.0  122 1235.9 0 42.4 4.1 1.3 
  1 72.9 1.6 2.2    1 576.5 17.1 2.1 
  2 112.4 1.5 28.0    2 9673.8 96.5 31.6 
  3  0.5 2.3    3  36.1 9.1 
  4  1.6 0.1    4  0.3 0.4 
  5   0.0    5   0.0 
  6   0.5    6   0.2 
3 39.3 0 79.7 0.7 6.2  123 1320.2 0 100.7 1.2 0.8 
  1 304.3 0.0 9.2    1 168.3 0.0 4.3 
  2 206.4 0.9 8.5    2 821.7 10.7 0.4 
  3  0.3 0.7    3  23.1 11.0 
  4  0.4 0.1    4  1.5 1.4 
  5   0.0    5   0.1 
  6   0.0    6   0.2 
4 46.9 0 112.9 0.2 32.6  124 1329.0 0 1151.9 0.0 9.0 
  1 68.4 0.0 1.2    1 67.0 1.7 3.3 
  2 32.0 0.1 14.2    2 441.8 8.6 6.7 
  3  0.0 0.0    3  17.7 8.2 
  4  1.0 0.2    4  0.3 2.7 
  5   0.1    5   0.1 
  6   0.1    6   0.0 
5 55.3 0 369.1 0.0 41.7  125 1336.3 0 25.0 0.8 1.7 
  1 17.1 0.4 1.0    1 109.1 0.4 2.6 
  2 288.4 4.3 7.7    2 176.6 4.2 3.5 
  3  0.3 0.3    3  6.0 4.1 
  4  0.4 0.0    4  0.0 0.7 
  5   0.1    5   0.1 
  6   0.2    6   0.0 
6 58.7 0 35.9 2.1 26.7  126 1347.1 0 298.0 0.0 0.2 
  1 265.7 0.4 13.4    1 33.3 0.0 1.2 
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  2 419.1 4.9 1.4    2 683.9 3.5 0.3 
  3  1.2 0.2    3  2.5 1.2 
  4  0.2 0.1    4  0.0 0.1 
  5   0.1    5   0.0 
  6   0.3    6   0.1 
7 69.8 0 438.6 0.1 23.7  127 1351.2 0 0.7 1.1 2.4 
  1 82.3 0.4 3.3    1 189.5 0.3 1.0 
  2 14.5 0.3 2.6    2 2098.8 5.4 1.3 
  3  0.2 0.4    3  6.3 2.7 
  4  1.7 0.1    4  0.4 0.4 
  5   0.1    5   0.1 
  6   0.3    6   0.1 
8 82.3 0 3.5 1.2 1.3  128 1357.8 0 380.5 0.7 10.6 
  1 13.3 0.9 0.0    1 118.1 0.7 0.2 
  2 20.4 0.1 0.1    2 367.9 1.1 2.4 
  3  0.1 0.2    3  6.9 3.9 
  4  0.4 0.0    4  1.0 1.6 
  5   0.0    5   0.0 
  6   0.0    6   0.5 
9 95.4 0 354.2 15.9 3.1  129 1360.4 0 11.1 0.1 0.2 
  1 33.7 0.6 5.6    1 103.9 0.7 2.0 
  2 210.5 0.9 2.0    2 1261.0 9.7 3.9 
  3  0.2 0.3    3  12.7 6.7 
  4  2.4 0.6    4  1.9 1.2 
  5   0.0    5   0.0 
  6   0.2    6   0.0 
10 104.9 0 46.8 3.7 0.6  130 1363.2 0 121.4 0.1 3.6 
  1 11.9 0.7 1.5    1 50.9 2.5 0.5 
  2 34.2 3.4 4.5    2 370.2 5.7 8.1 
  3  0.3 0.1    3  2.2 2.2 
  4  0.6 0.3    4  0.6 0.7 
  5   0.0    5   0.1 
  6   0.2    6   0.2 
11 105.5 0 194.3 4.8 25.8  131 1372.5 0 3.7 0.4 3.0 
  1 0.5 3.7 1.8    1 125.9 5.2 2.1 
  2 32.7 0.1 2.0    2 121.1 2.8 2.4 
  3  0.2 0.0    3  5.1 2.6 
  4  0.8 0.6    4  0.4 0.6 
  5   0.1    5   0.9 
  6   0.0    6   0.7 
12 112.4 0 36.2 0.1 5.8  132 1377.7 0 329.6 7.2 0.8 
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  1 17.3 0.3 0.1    1 42.0 0.6 0.7 
  2 12.6 0.2 0.2    2 160.8 13.9 11.4 
  3  0.4 0.6    3  5.7 5.3 
  4  0.1 0.0    4  0.6 1.7 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
13 115.0 0 11.4 0.3 21.4  133 1381.0 0 227.6 0.4 4.8 
  1 9.2 0.6 0.3    1 55.2 3.8 0.1 
  2 10.6 0.0 1.6    2 171.1 6.6 9.0 
  3  0.4 0.1    3  8.3 11.8 
  4  0.2 0.2    4  0.1 2.8 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
14 120.8 0 107.0 0.2 35.6  134 1390.8 0 324.4 0.0 2.1 
  1 6.8 0.3 0.7    1 2.5 0.1 1.1 
  2 114.6 2.3 10.1    2 2.8 2.8 1.2 
  3  0.2 0.2    3  1.4 0.1 
  4  1.4 0.1    4  0.8 0.4 
  5   0.2    5   0.4 
  6   0.0    6   0.8 
15 126.0 0 216.1 17.3 8.9  135 1396.1 0 53.1 0.2 0.8 
  1 1.9 1.2 5.2    1 11.8 0.2 0.0 
  2 9.0 0.9 5.3    2 24.9 0.4 0.2 
  3  0.1 0.3    3  0.2 0.1 
  4  2.3 0.6    4  0.1 0.2 
  5   0.1    5   0.0 
  6   0.4    6   0.0 
16 132.2 0 34.7 47.5 55.0  136 1397.8 0 4.1 0.1 0.1 
  1 24.1 0.0 9.1    1 4.6 0.1 0.1 
  2 26.0 1.6 13.9    2 52.5 0.0 0.3 
  3  0.0 2.0    3  0.1 0.0 
  4  1.3 0.4    4  0.2 0.0 
  5   0.3    5   0.0 
  6   0.4    6   0.0 
17 134.0 0 1.3 0.4 0.3  137 1405.0 0 11.0 17.1 0.2 
  1 6.0 3.0 3.0    1 61.5 1.3 0.3 
  2 27.8 0.4 2.8    2 2382.1 6.5 1.2 
  3  0.1 0.8    3  7.4 3.7 
  4  1.2 0.1    4  1.1 0.3 
  5   0.1    5   0.0 
  6   0.1    6   0.5 
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18 141.8 0 21.6 0.1 0.3  138 1406.3 0 6.9 30.9 5.4 
  1 1.8 4.5 2.6    1 86.8 0.0 0.8 
  2 8.9 0.7 4.9    2 1318.6 13.3 5.5 
  3  0.8 1.0    3  1.1 0.5 
  4  0.6 0.0    4  0.0 0.3 
  5   0.1    5   0.0 
  6   0.1    6   0.0 
19 145.0 0 107.6 5.6 0.1  139 1407.4 0 44.9 0.1 1.1 
  1 91.9 0.4 2.3    1 171.6 0.1 0.1 
  2 42.9 0.2 0.8    2 2479.8 0.6 1.2 
  3  0.3 0.3    3  18.9 6.3 
  4  0.1 0.1    4  0.2 1.4 
  5   0.1    5   0.1 
  6   0.1    6   0.0 
20 156.7 0 90.9 10.9 9.4  140 1411.7 0 21.7 0.3 0.9 
  1 115.1 5.0 3.7    1 0.9 0.2 0.2 
  2 88.5 4.1 1.6    2 23.0 0.3 0.1 
  3  1.5 1.9    3  0.1 0.1 
  4  2.0 0.2    4  0.1 0.0 
  5   0.4    5   0.0 
  6   0.0    6   0.0 
21 165.9 0 229.8 3.4 36.0  141 1412.6 0 130.4 1.4 0.2 
  1 254.4 5.4 1.1    1 1.0 0.0 0.5 
  2 100.8 6.0 4.8    2 53.9 0.4 0.3 
  3  0.1 2.1    3  0.6 0.4 
  4  3.2 0.2    4  0.3 0.1 
  5   0.2    5   0.0 
  6   0.3    6   0.0 
22 172.3 0 163.6 0.2 6.6  142 1415.8 0 17.5 0.0 0.0 
  1 89.7 3.1 1.5    1 1.0 0.3 0.1 
  2 123.0 6.1 4.2    2 24.0 0.1 0.3 
  3  0.1 0.0    3  0.1 0.1 
  4  2.8 0.4    4  0.0 0.0 
  5   0.4    5   0.0 
  6   0.1    6   0.0 
23 172.8 0 64.0 12.4 25.6  143 1417.5 0 205.5 10.9 4.9 
  1 72.9 2.1 2.1    1 2.1 0.0 0.1 
  2 16.6 3.5 6.0    2 298.9 0.4 1.7 
  3  0.1 0.4    3  3.7 2.2 
  4  0.2 0.1    4  0.0 0.1 
  5   0.2    5   0.1 
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  6   0.5    6   0.0 
24 175.4 0 447.2 1.3 2.5  144 1418.5 0 18.6 65.9 0.3 
  1 185.4 5.7 2.4    1 1.0 3.4 0.9 
  2 61.2 5.3 5.1    2 121.7 2.7 6.0 
  3  0.7 0.6    3  8.7 4.4 
  4  1.2 0.5    4  0.2 0.2 
  5   0.0    5   0.5 
  6   0.0    6   0.0 
25 177.8 0 3.6 0.3 33.9  145 1421.3 0 93.1 0.0 1.0 
  1 13.4 0.5 0.7    1 35.6 1.7 0.1 
  2 80.3 0.9 1.4    2 275.0 4.3 3.0 
  3  0.1 0.1    3  4.7 2.2 
  4  0.1 0.1    4  0.1 0.7 
  5   0.2    5   0.0 
  6   0.0    6   0.0 
26 183.1 0 334.3 2.4 0.7  146 1423.8 0 616.6 6.3 0.0 
  1 268.4 3.3 1.7    1 23.7 1.8 0.5 
  2 4.1 0.9 1.1    2 25.2 0.6 0.8 
  3  0.0 0.1    3  0.3 0.4 
  4  0.7 0.1    4  0.2 0.1 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
27 186.9 0 100.2 0.1 16.4  147 1424.7 0 42.3 3.2 0.8 
  1 68.7 1.6 0.7    1 5.0 0.7 0.2 
  2 20.8 2.1 1.0    2 9.8 1.0 0.7 
  3  0.0 0.0    3  1.0 0.6 
  4  0.6 0.8    4  0.4 0.0 
  5   0.4    5   0.0 
  6   0.8    6   0.0 
28 195.9 0 31.7 0.1 2.2  148 1432.8 0 892.1 21.6 0.7 
  1 94.4 2.2 0.2    1 3.5 2.3 1.5 
  2 77.6 0.2 0.8    2 504.2 1.1 3.9 
  3  0.3 0.2    3  14.7 8.5 
  4  1.1 0.1    4  1.1 0.2 
  5   0.1    5   0.4 
  6   0.1    6   0.0 
29 200.3 0 571.7 1.7 50.2  149 1443.1 0 290.8 22.5 21.5 
  1 591.1 13.1 9.8    1 76.1 6.9 13.5 
  2 21.0 0.1 1.9    2 400.9 2.3 2.2 
  3  0.2 0.3    3  9.8 20.3 
  4  3.1 0.6    4  1.3 11.2 
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  5   2.2    5   0.2 
  6   0.9    6   0.0 
30 212.6 0 12.1 0.3 0.3  150 1446.5 0 43.0 10.1 2.1 
  1 191.8 3.7 0.7    1 859.9 1.8 4.2 
  2 142.4 1.0 0.3    2 334.6 70.6 74.0 
  3  0.6 0.0    3  2.6 1.5 
  4  2.9 0.2    4  3.6 0.7 
  5   0.1    5   1.3 
  6   1.7    6   0.1 
31 213.7 0 10.9 0.7 0.1  151 1450.1 0 166.1 41.1 0.3 
  1 271.0 5.4 0.5    1 234.0 0.3 0.8 
  2 293.8 0.0 1.7    2 3153.0 26.8 16.8 
  3  0.9 0.8    3  44.6 23.7 
  4  0.8 0.4    4  7.4 9.9 
  5   0.4    5   0.8 
  6   1.3    6   0.2 
32 218.8 0 92.4 1.3 0.0  152 1456.3 0 839.1 45.9 0.0 
  1 64.0 3.0 1.5    1 1282.8 1.5 1.8 
  2 127.7 1.4 1.7    2 1855.7 31.5 14.9 
  3  1.9 0.3    3  31.5 28.1 
  4  7.8 0.2    4  1.6 1.5 
  5   0.0    5   0.3 
  6   0.0    6   0.4 
33 236.1 0 678.4 28.5 8.7  153 1466.2 0 639.9 90.6 18.4 
  1 21.2 11.2 10.1    1 73.7 25.1 24.7 
  2 331.4 5.1 0.0    2 174.1 2.6 5.2 
  3  2.6 1.4    3  1.9 0.2 
  4  22.4 2.8    4  1.6 0.7 
  5   0.4    5   0.2 
  6   1.9    6   0.0 
34 242.0 0 24.7 4.2 0.1  154 1467.5 0 16.0 0.3 0.7 
  1 15.8 3.1 1.7    1 22.9 3.9 1.0 
  2 39.9 0.4 0.1    2 206.6 8.2 9.2 
  3  0.1 0.0    3  0.7 0.2 
  4  0.5 0.5    4  1.2 0.1 
  5   0.0    5   0.1 
  6   0.0    6   0.4 
35 244.2 0 3.1 0.2 0.6  155 1469.1 0 46.7 3.1 0.0 
  1 33.1 0.1 0.6    1 123.1 1.7 1.3 
  2 13.9 1.2 0.3    2 192.0 1.5 0.0 
  3  0.4 0.4    3  0.4 0.5 
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  4  1.0 0.1    4  5.4 0.4 
  5   0.1    5   0.0 
  6   0.4    6   0.2 
36 248.7 0 88.5 0.1 0.1  156 1472.3 0 0.8 25.2 9.3 
  1 162.2 4.6 0.1    1 62.1 6.3 1.9 
  2 38.3 0.1 0.1    2 49.6 3.6 1.4 
  3  1.1 0.8    3  0.3 0.8 
  4  2.6 0.0    4  1.0 0.1 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
37 254.0 0 82.4 0.4 0.2  157 1473.9 0 876.5 10.3 14.2 
  1 4.8 0.5 1.1    1 28.5 4.4 0.7 
  2 219.2 1.5 0.5    2 2687.9 1.2 4.2 
  3  0.1 0.7    3  0.8 0.7 
  4  1.0 0.6    4  1.8 0.0 
  5   0.3    5   0.1 
  6   2.7    6   0.8 
38 265.4 0 41.2 7.7 1.4  158 1475.2 0 100.9 19.0 1.1 
  1 40.0 0.7 2.6    1 41.3 4.2 1.5 
  2 144.8 3.3 1.2    2 1422.8 2.2 0.3 
  3  0.1 1.1    3  4.8 3.1 
  4  0.3 0.2    4  2.3 0.3 
  5   0.0    5   0.0 
  6   0.6    6   1.0 
39 270.9 0 5.4 0.2 5.8  159 1476.8 0 139.7 0.0 0.0 
  1 42.8 1.0 0.4    1 77.1 9.0 0.7 
  2 62.7 1.9 0.9    2 1091.1 10.4 2.4 
  3  0.3 0.2    3  0.9 0.2 
  4  4.3 0.2    4  12.8 0.4 
  5   0.2    5   0.1 
  6   1.1    6   1.3 
40 272.3 0 14.6 0.4 0.3  160 1478.6 0 348.4 0.1 6.7 
  1 24.3 3.5 0.5    1 12.1 0.8 1.1 
  2 41.3 6.8 1.8    2 86.2 3.3 0.3 
  3  0.3 1.3    3  2.3 1.3 
  4  4.9 1.2    4  2.7 0.5 
  5   0.3    5   0.1 
  6   1.2    6   0.1 
41 276.4 0 1.3 0.0 0.6  161 1481.1 0 157.9 1.0 1.5 
  1 79.5 2.8 10.0    1 13.9 1.4 1.5 
  2 3.5 2.4 5.5    2 754.8 0.7 2.2 
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  3  0.3 0.5    3  0.1 0.0 
  4  0.3 0.1    4  2.0 0.0 
  5   0.0    5   0.1 
  6   0.0    6   0.7 
42 279.0 0 11.0 2.7 16.9  162 1483.3 0 2.0 0.1 0.0 
  1 105.8 0.7 5.3    1 80.5 1.2 0.5 
  2 45.5 11.4 0.1    2 133.5 0.9 0.0 
  3  0.8 1.0    3  0.0 0.1 
  4  1.2 0.2    4  4.8 0.3 
  5   0.2    5   0.0 
  6   0.4    6   0.3 
43 280.1 0 18.6 0.4 7.6  163 1484.5 0 12.9 0.2 5.0 
  1 25.2 13.6 0.5    1 11.8 1.9 0.7 
  2 156.0 42.5 4.0    2 148.1 2.5 0.0 
  3  1.2 6.7    3  2.0 1.3 
  4  1.9 0.6    4  0.4 0.1 
  5   1.1    5   0.0 
  6   1.9    6   0.0 
44 288.7 0 30.1 2.5 3.4  164 1485.1 0 49.8 1.1 0.5 
  1 10.3 1.1 0.2    1 58.8 4.2 1.5 
  2 144.1 3.5 0.3    2 1278.9 0.6 0.2 
  3  0.2 1.4    3  5.7 3.6 
  4  0.5 0.2    4  1.7 0.2 
  5   0.7    5   0.1 
  6   6.6    6   0.4 
45 292.0 0 6.2 0.2 5.8  165 1485.9 0 10.9 0.6 4.6 
  1 60.5 0.1 1.0    1 24.3 0.4 0.4 
  2 213.1 0.3 0.9    2 15.3 0.5 0.0 
  3  2.9 2.4    3  1.3 0.5 
  4  0.2 0.1    4  0.4 0.0 
  5   0.1    5   0.0 
  6   0.1    6   0.0 
46 294.5 0 48.3 3.4 15.1  166 1486.7 0 126.1 0.1 0.3 
  1 3.7 1.9 0.5    1 133.3 3.8 4.2 
  2 213.3 4.8 2.2    2 112.2 4.0 2.3 
  3  1.3 1.2    3  0.1 0.2 
  4  0.1 0.3    4  6.7 0.5 
  5   0.0    5   0.0 
  6   0.8    6   0.5 
47 302.1 0 120.4 0.0 0.4  167 1488.6 0 338.5 1.2 0.6 
  1 13.4 1.7 0.1    1 15.5 1.0 0.6 
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  2 164.6 3.5 0.3    2 124.0 1.1 0.3 
  3  2.9 1.9    3  0.2 0.2 
  4  2.3 0.0    4  0.6 0.0 
  5   0.1    5   0.0 
  6   0.2    6   0.2 
48 308.6 0 0.2 2.9 2.6  168 1489.7 0 326.4 2.3 1.1 
  1 36.2 0.8 0.0    1 83.4 0.6 1.9 
  2 15.9 1.9 0.1    2 429.9 1.0 3.0 
  3  0.4 0.1    3  0.6 0.6 
  4  4.2 0.1    4  7.6 0.4 
  5   0.1    5   0.2 
  6   1.6    6   1.7 
49 317.2 0 17.7 0.4 7.4  169 1490.9 0 142.0 1.4 4.9 
  1 1.0 0.1 0.4    1 11.9 1.0 0.1 
  2 23.1 2.9 1.5    2 93.1 1.1 0.2 
  3  1.8 0.8    3  1.2 0.6 
  4  8.9 2.3    4  2.9 0.2 
  5   0.7    5   0.1 
  6   1.2    6   0.1 
50 338.1 0 3994.8 89.6 146.1  170 1491.9 0 364.8 2.9 8.2 
  1 55.6 102.6 182.0    1 99.1 0.9 1.3 
  2 71.6 22.4 13.2    2 1044.9 1.7 1.9 
  3  2.7 3.5    3  1.8 0.6 
  4  1.3 70.6    4  1.7 0.0 
  5   165.9    5   0.1 
  6   42.0    6   1.4 
51 350.8 0 96.1 1.5 13.8  171 1492.7 0 1.1 0.5 0.0 
  1 98.9 13.5 4.4    1 248.8 6.2 3.5 
  2 995.2 4.1 3.0    2 405.1 2.7 0.3 
  3  9.7 5.2    3  1.6 1.1 
  4  11.5 4.1    4  2.0 0.1 
  5   3.0    5   0.0 
  6   18.6    6   0.1 
52 356.6 0 44.5 1.7 4.9  172 1495.3 0 106.8 10.1 0.0 
  1 15.1 0.9 2.2    1 58.2 3.4 2.1 
  2 306.2 1.7 6.2    2 249.8 0.7 0.7 
  3  5.5 3.1    3  2.1 1.1 
  4  22.8 1.4    4  0.5 0.1 
  5   5.0    5   0.1 
  6   14.0    6   0.2 
53 373.7 0 12.2 1.7 5.4  173 1497.1 0 5.7 8.1 0.2 
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  1 24.2 3.9 1.9    1 17.3 1.8 1.5 
  2 56.5 0.9 2.3    2 266.0 0.2 0.3 
  3  1.4 0.4    3  0.6 0.5 
  4  2.1 1.6    4  4.6 0.0 
  5   0.1    5   0.0 
  6   3.2    6   0.5 
54 394.7 0 1.1 13.0 14.6  174 1502.3 0 56.0 0.3 5.6 
  1 20100.1 37.6 10.1    1 28.8 0.7 0.5 
  2 2238.1 3.4 40.8    2 24.7 3.1 0.2 
  3  14.6 14.0    3  0.8 0.5 
  4  64.4 4.4    4  1.0 0.1 
  5   0.3    5   0.0 
  6   0.1    6   0.0 
55 409.7 0 4942.4 16.6 63.8  175 1506.5 0 506.5 4.8 0.1 
  1 21268.8 18.8 5.8    1 30.1 0.8 0.2 
  2 4249.5 37.4 6.7    2 132.4 0.4 0.0 
  3  26.3 27.3    3  2.4 0.5 
  4  21.0 2.9    4  1.7 0.7 
  5   2.1    5   0.0 
  6   0.4    6   0.0 
56 440.6 0 59.0 5.9 18.3  176 1507.9 0 105.3 0.1 2.5 
  1 32.9 1.1 2.0    1 27.5 2.7 0.8 
  2 88.4 0.6 0.3    2 318.1 3.7 0.4 
  3  1.0 0.6    3  1.9 0.9 
  4  0.4 0.7    4  1.7 0.2 
  5   0.1    5   0.0 
  6   0.4    6   0.2 
57 458.4 0 74.3 5.4 5.9  177 1509.4 0 0.6 3.0 5.4 
  1 44.4 0.7 2.9    1 5.9 0.2 0.1 
  2 85.3 0.3 0.5    2 1.2 6.7 1.0 
  3  0.8 0.7    3  1.3 0.6 
  4  1.0 1.2    4  1.0 1.3 
  5   0.0    5   0.1 
  6   0.1    6   0.3 
58 465.9 0 75.2 0.1 2.9  178 1512.5 0 5.2 0.4 2.0 
  1 130.7 2.4 0.1    1 124.7 2.2 2.5 
  2 230.2 0.5 0.2    2 2108.9 3.3 3.4 
  3  0.2 1.2    3  9.7 4.9 
  4  1.3 1.0    4  6.2 1.1 
  5   0.1    5   0.1 
  6   0.4    6   0.2 
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59 489.6 0 505.0 4.6 1.3  179 1512.7 0 459.7 1.3 0.2 
  1 216.4 2.1 11.9    1 10.4 0.2 0.0 
  2 501.1 5.5 3.5    2 183.5 1.8 1.2 
  3  0.6 0.8    3  3.8 2.9 
  4  0.4 2.5    4  2.2 0.3 
  5   0.2    5   0.1 
  6   0.4    6   0.2 
60 510.7 0 1785.8 6.2 19.9  180 1514.1 0 113.3 0.1 2.0 
  1 357.7 15.0 59.8    1 22.8 0.6 0.5 
  2 231.4 1.1 1.6    2 1755.1 12.3 9.4 
  3  3.9 4.0    3  12.9 8.4 
  4  0.8 2.7    4  0.6 3.3 
  5   5.1    5   0.3 
  6   2.2    6   0.0 
61 526.6 0 1572.7 7.4 17.6  181 1514.3 0 0.6 22.0 0.6 
  1 839.9 6.4 28.6    1 163.4 0.5 0.0 
  2 309.8 4.0 12.5    2 1790.3 20.9 9.4 
  3  8.5 3.1    3  23.1 18.4 
  4  4.5 1.4    4  2.5 3.5 
  5   1.6    5   0.0 
  6   1.1    6   0.1 
62 554.9 0 16.2 0.4 0.0  182 1516.1 0 7.2 2.4 0.0 
  1 78.1 0.4 7.0    1 78.6 0.5 1.0 
  2 8212.0 52.7 30.4    2 683.5 0.5 1.0 
  3  16.4 2.5    3  0.2 0.2 
  4  0.2 0.0    4  0.3 0.0 
  5   0.0    5   0.0 
  6   0.0    6   1.3 
63 555.8 0 84.2 44.6 2.9  183 1520.4 0 6.7 1.5 3.4 
  1 262.7 1.3 2.9    1 38.9 1.0 0.6 
  2 5208.5 7.4 1.6    2 933.0 0.1 0.3 
  3  7.8 14.5    3  3.2 1.2 
  4  0.2 4.6    4  2.2 0.2 
  5   0.4    5   0.0 
  6   0.0    6   0.2 
64 556.5 0 11.9 0.0 3.0  184 1520.7 0 4.0 0.1 0.2 
  1 28.3 0.3 0.2    1 22.2 1.1 0.9 
  2 35.5 0.9 0.7    2 118.7 0.1 0.6 
  3  0.3 0.1    3  3.5 1.9 
  4  0.3 0.4    4  1.5 0.0 
  5   0.4    5   0.1 
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  6   0.1    6   0.3 
65 559.4 0 39.0 38.0 5.8  185 1522.9 0 4892.0 6.8 3.9 
  1 786.7 1.3 15.1    1 598.9 43.8 3.1 
  2 488.2 4.5 3.1    2 7620.4 2.2 13.0 
  3  4.1 3.8    3  34.7 1.2 
  4  17.2 5.1    4  40.2 4.1 
  5   0.3    5   0.3 
  6   0.3    6   7.2 
66 574.9 0 19.3 0.7 0.1  186 1535.0 0 3.6 0.0 0.2 
  1 1212.1 13.8 0.1    1 387.5 155.4 25.9 
  2 370.6 0.8 10.4    2 103.5 25.0 4.8 
  3  16.6 6.5    3  0.2 11.0 
  4  14.1 1.7    4  0.3 6.1 
  5   0.3    5   2.0 
  6   0.8    6   0.1 
67 577.5 0 2.1 2.7 15.4  187 1540.2 0 495.5 45.2 6.7 
  1 14825.0 79.7 0.0    1 46.1 62.3 9.1 
  2 2826.1 50.7 52.9    2 716.7 21.5 7.9 
  3  4.0 19.4    3  4.9 3.5 
  4  33.5 1.9    4  0.4 10.2 
  5   0.0    5   1.8 
  6   0.9    6   0.2 
68 590.6 0 53.4 1.0 244.7  188 2949.1 0 107.5 6.1 0.0 
  1 8648.9 160.7 44.8    1 50.8 2.6 0.0 
  2 4028.4 159.2 15.0    2 259.7 0.4 0.5 
  3  123.7 73.0    3  4.3 0.8 
  4  50.3 11.2    4  2.5 0.3 
  5   0.8    5   0.1 
  6   0.3    6   3.2 
69 605.1 0 3682.0 17.4 0.3  189 2969.1 0 463.9 2.2 0.7 
  1 516.8 9.9 0.1    1 35.9 0.5 0.6 
  2 417.2 4.7 3.7    2 1177.2 0.3 1.5 
  3  7.1 3.8    3  0.0 0.1 
  4  4.1 4.1    4  2.5 0.2 
  5   0.4    5   0.2 
  6   0.9    6   1.7 
70 632.9 0 80.3 14.4 6.8  190 3001.1 0 1282.5 0.8 0.1 
  1 4136.8 24.7 15.1    1 34.2 0.5 0.3 
  2 1779.2 277.8 10.9    2 45.3 3.3 0.2 
  3  333.5 58.2    3  0.2 0.1 
  4  363.6 161.6    4  0.7 0.1 
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  5   63.3    5   0.0 
  6   16.4    6   0.0 
71 640.5 0 655.8 388.3 12.4  191 3042.7 0 19.6 0.0 6.8 
  1 1466.0 283.5 50.5    1 8.6 0.5 0.3 
  2 7103.1 1422.6 403.2    2 101.9 2.1 0.3 
  3  207.1 260.5    3  1.4 0.2 
  4  120.1 50.2    4  1.6 0.2 
  5   8.7    5   0.2 
  6   0.1    6   0.3 
72 713.0 0 0.3 2.8 0.8  192 3045.7 0 2.0 0.0 1.4 
  1 35.1 0.1 21.4    1 45.2 0.2 0.1 
  2 638.6 17.1 5.9    2 77.8 3.5 0.8 
  3  1.5 3.4    3  0.1 0.1 
  4  2.1 1.2    4  3.4 0.0 
  5   0.2    5   0.0 
  6   0.0    6   0.6 
73 730.6 0 757.1 32.8 0.2  193 3046.5 0 53.7 0.0 1.8 
  1 1486.5 59.6 20.8    1 25.8 0.3 0.1 
  2 5071.8 64.3 1.3    2 13.1 2.0 0.4 
  3  181.2 78.0    3  0.0 0.0 
  4  24.2 39.9    4  1.6 0.0 
  5   2.5    5   0.0 
  6   0.1    6   0.1 
74 732.5 0 511.1 40.5 13.9  194 3047.8 0 0.0 0.0 0.9 
  1 384.0 9.0 2.0    1 9.7 0.0 0.0 
  2 2308.7 69.3 3.0    2 63.9 0.6 0.1 
  3  180.8 95.8    3  0.0 0.0 
  4  39.5 54.0    4  0.2 0.0 
  5   11.0    5   0.0 
  6   0.7    6   0.0 
75 754.8 0 127.8 645.8 218.7  195 3049.2 0 34.1 0.0 2.5 
  1 13776.4 3316.7 759.2    1 23.1 0.1 0.1 
  2 1669.6 1024.4 1817.2    2 16.3 0.3 0.1 
  3  675.0 1579.2    3  0.1 0.1 
  4  997.5 864.1    4  0.3 0.0 
  5   120.2    5   0.0 
  6   7.7    6   0.0 
76 791.4 0 3.4 3.8 35.9  196 3051.3 0 13.5 0.0 0.0 
  1 111.6 2.9 4.2    1 6.2 0.1 0.2 
  2 397.5 4.7 6.5    2 74.7 2.3 0.3 
  3  2.2 2.1    3  0.0 0.1 
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  4  3.7 0.2    4  0.1 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
77 818.0 0 524.7 24.8 6.4  197 3052.3 0 1.1 0.0 0.3 
  1 518.9 3.4 1.0    1 14.2 0.0 0.1 
  2 128.1 0.9 3.7    2 3.0 0.3 0.0 
  3  4.9 1.2    3  0.0 0.0 
  4  20.5 0.1    4  0.2 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
78 822.1 0 23.2 0.3 0.0  198 3055.5 0 9.8 1.0 1.7 
  1 934.0 6.1 1.4    1 3.9 1.3 0.0 
  2 19.1 2.1 2.5    2 4.8 0.3 0.2 
  3  0.6 0.2    3  0.1 0.0 
  4  24.3 1.0    4  0.1 0.1 
  5   0.4    5   0.0 
  6   0.1    6   0.0 
79 878.3 0 23.0 0.3 0.1  199 3060.8 0 11.2 0.3 0.2 
  1 7.5 3.0 0.2    1 2.5 0.0 0.1 
  2 1850.8 7.7 1.1    2 16.8 0.1 0.2 
  3  0.5 0.1    3  0.1 0.1 
  4  0.8 0.2    4  0.0 0.0 
  5   0.8    5   0.0 
  6   0.7    6   0.0 
80 892.2 0 10.2 1.0 0.2  200 3062.0 0 4.2 0.1 0.4 
  1 25.2 2.7 0.6    1 0.6 0.1 0.0 
  2 965.6 0.9 0.6    2 27.1 0.1 0.4 
  3  5.2 0.8    3  0.2 0.1 
  4  1.1 0.0    4  0.0 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
81 902.4 0 35.9 2.6 1.0  201 3067.1 0 0.9 0.0 0.2 
  1 14.1 0.1 0.2    1 0.5 0.0 0.0 
  2 225.6 0.3 0.1    2 18.7 0.0 0.0 
  3  0.0 0.0    3  0.0 0.1 
  4  1.5 0.1    4  0.0 0.0 
  5   0.0    5   0.0 
  6   0.1    6   0.0 
82 911.1 0 6.1 0.0 0.0  202 3068.0 0 1.9 0.0 0.0 
  1 67.3 0.2 0.0    1 0.4 0.1 0.0 
  2 482.3 3.4 0.2    2 8.2 0.0 0.1 
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  3  1.1 0.0    3  0.0 0.0 
  4  0.7 0.0    4  0.1 0.0 
  5   0.3    5   0.0 
  6   0.2    6   0.0 
83 919.2 0 1.2 0.0 0.1  203 3069.0 0 1.9 0.0 0.0 
  1 8.8 0.1 0.2    1 1.9 0.0 0.1 
  2 4.3 0.2 0.0    2 12.2 0.0 0.0 
  3  0.0 0.1    3  0.1 0.1 
  4  0.2 0.0    4  0.0 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
84 925.6 0 19.4 0.0 0.0  204 3073.9 0 4.9 0.0 0.0 
  1 19.6 0.7 0.1    1 9.6 0.3 0.1 
  2 95.5 1.1 0.2    2 19.8 0.0 0.2 
  3  0.4 0.1    3  0.1 0.2 
  4  0.1 0.0    4  0.0 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
85 928.7 0 1.7 2.6 2.0  205 3091.4 0 0.3 0.0 0.0 
  1 36.3 0.6 0.1    1 3.4 0.0 0.0 
  2 29.2 0.5 0.2    2 221.9 0.7 0.0 
  3  0.0 0.1    3  0.1 0.1 
  4  3.8 0.1    4  0.1 0.0 
  5   0.1    5   0.0 
  6   0.1    6   0.5 
86 931.0 0 2.0 0.0 0.1  206 3095.4 0 5.5 0.0 0.0 
  1 23.6 0.3 0.0    1 10.7 1.8 0.0 
  2 40.0 0.1 0.2    2 158.2 0.9 0.4 
  3  0.1 0.1    3  0.1 0.1 
  4  1.0 0.1    4  2.2 0.2 
  5   0.0    5   0.0 
  6   0.0    6   0.3 
87 931.7 0 4.1 0.7 0.5  207 3099.9 0 9.6 0.1 0.2 
  1 32.0 0.1 0.3    1 2.9 0.1 0.0 
  2 223.8 0.2 0.1    2 7.8 0.0 0.1 
  3  1.6 0.5    3  0.1 0.0 
  4  0.4 0.5    4  0.0 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
88 937.6 0 33.4 0.5 0.1  208 3103.3 0 28.8 0.0 0.0 
  1 9.3 0.3 0.3    1 0.5 0.1 0.0 
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  2 12.9 0.1 0.1    2 31.5 0.3 0.0 
  3  0.4 0.2    3  0.0 0.0 
  4  0.4 0.1    4  0.3 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
89 958.9 0 347.5 6.3 0.2  209 3105.5 0 151.6 0.1 1.0 
  1 239.8 0.2 1.5    1 37.3 2.5 0.0 
  2 1723.4 3.9 0.1    2 24.0 0.9 1.6 
  3  0.3 0.4    3  0.2 0.0 
  4  1.0 0.1    4  0.5 0.0 
  5   0.9    5   0.0 
  6   1.9    6   0.0 
90 961.4 0 0.3 48.8 0.5  210 3106.4 0 11.5 1.0 2.3 
  1 190.1 5.2 1.8    1 38.3 1.8 0.0 
  2 3337.8 76.8 22.8    2 52.9 1.8 0.9 
  3  42.6 22.5    3  0.4 0.0 
  4  0.2 3.0    4  0.2 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
91 963.9 0 5.0 0.1 0.1  211 3106.9 0 70.4 2.6 0.0 
  1 12.5 1.1 0.2    1 3.3 0.7 0.1 
  2 82.4 5.0 1.0    2 1.3 0.1 0.1 
  3  0.5 0.0    3  0.7 0.2 
  4  0.9 0.0    4  1.0 0.6 
  5   0.1    5   0.1 
  6   0.6    6   0.2 
92 967.2 0 18.6 0.3 1.1  212 3107.8 0 29.9 1.1 2.5 
  1 61.5 0.0 0.0    1 6.7 0.2 0.0 
  2 2243.5 1.2 3.6    2 11.8 0.2 0.1 
  3  40.7 16.4    3  0.1 0.0 
  4  1.9 4.6    4  0.0 0.0 
  5   0.3    5   0.0 
  6   0.0    6   0.0 
93 970.8 0 21.7 0.1 0.7  213 3108.0 0 93.9 0.0 2.2 
  1 42.0 0.1 0.1    1 6.3 0.4 0.4 
  2 14.3 0.2 0.0    2 10.0 0.0 0.8 
  3  0.1 0.2    3  0.1 0.2 
  4  0.7 0.0    4  0.3 0.1 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
94 973.8 0 21.2 0.4 0.0  214 3109.0 0 18.1 0.1 4.9 
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  1 3.1 0.1 0.0    1 3.3 0.7 0.0 
  2 79.3 0.1 0.1    2 6.0 0.0 0.7 
  3  2.0 1.6    3  0.1 0.1 
  4  0.1 0.3    4  0.1 0.1 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
95 976.3 0 70.0 0.3 0.0  215 3118.2 0 1.6 0.9 2.4 
  1 47.1 0.2 0.2    1 1.0 0.0 0.1 
  2 16.9 0.7 0.2    2 15.8 0.2 0.2 
  3  0.9 0.7    3  0.1 0.0 
  4  0.7 0.1    4  0.0 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
96 1033.3 0 20.9 0.0 0.1  216 3119.6 0 50.2 0.9 0.1 
  1 2252.6 19.6 23.4    1 41.0 0.3 0.2 
  2 500.7 1.3 9.8    2 40.8 1.4 0.1 
  3  1.5 1.1    3  0.2 0.2 
  4  22.0 1.0    4  1.3 0.1 
  5   0.3    5   0.0 
  6   0.0    6   0.3 
97 1037.3 0 20.7 8.1 12.7  217 3127.4 0 1.4 0.0 0.0 
  1 1426.8 5.8 4.5    1 13.4 0.1 0.0 
  2 5691.1 61.9 16.0    2 0.5 0.1 0.0 
  3  24.3 10.7    3  0.1 0.0 
  4  9.4 2.7    4  0.1 0.0 
  5   0.1    5   0.0 
  6   0.2    6   0.0 
98 1037.7 0 1132.4 10.7 32.8  218 3127.6 0 39.6 0.0 0.2 
  1 810.1 11.9 1.4    1 4.3 0.2 0.0 
  2 1441.6 9.1 10.5    2 22.1 0.1 0.1 
  3  5.7 6.1    3  0.0 0.0 
  4  16.5 0.3    4  0.1 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
99 1043.8 0 516.3 20.4 4.5  219 3131.2 0 22.3 0.4 0.1 
  1 26.1 8.5 0.8    1 15.8 0.2 0.0 
  2 333.9 74.1 27.7    2 3.7 0.4 0.1 
  3  4.0 3.8    3  0.0 0.0 
  4  0.5 4.1    4  0.0 0.0 
  5   1.2    5   0.0 
  6   0.1    6   0.0 
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100 1045.0 0 152.9 11.7 1.2  220 3131.6 0 11.8 0.3 0.4 
  1 213.9 3.4 0.8    1 1.5 0.1 0.0 
  2 9431.5 59.1 10.2    2 44.9 0.3 0.1 
  3  122.5 58.0    3  0.0 0.1 
  4  1.2 0.9    4  0.1 0.0 
  5   0.7    5   0.0 
  6   0.3    6   0.0 
101 1045.3 0 286.2 0.6 1.2  221 3133.9 0 24.6 0.0 0.2 
  1 48.1 3.2 1.5    1 6.1 0.0 0.1 
  2 271.1 14.2 3.3    2 8.9 0.3 0.1 
  3  69.2 40.4    3  0.1 0.1 
  4  1.8 6.3    4  0.0 0.0 
  5   1.1    5   0.0 
  6   0.2    6   0.0 
102 1048.4 0 454.3 0.0 3.8  222 3135.8 0 8.1 0.1 0.2 
  1 18.8 1.6 4.4    1 1.2 0.0 0.0 
  2 375.2 37.4 4.1    2 2.0 0.2 0.0 
  3  25.0 15.6    3  0.0 0.0 
  4  1.8 3.7    4  0.0 0.0 
  5   0.1    5   0.0 
  6   0.1    6   0.0 
103 1074.8 0 6.1 0.0 0.0  223 3137.3 0 69.7 0.1 0.0 
  1 46.8 3.6 0.2    1 2.6 0.0 0.1 
  2 633.4 15.4 3.1    2 3.9 0.1 0.0 
  3  2.7 1.7    3  0.1 0.1 
  4  0.8 0.8    4  0.0 0.0 
  5   0.1    5   0.0 
  6   0.2    6   0.0 
104 1085.3 0 10.5 2.8 1.3  224 3138.5 0 125.4 0.1 0.2 
  1 14.6 1.1 0.3    1 26.1 3.5 0.3 
  2 132.1 3.8 2.8    2 87.4 0.5 0.4 
  3  0.9 0.7    3  0.1 0.1 
  4  0.2 0.1    4  0.1 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
105 1085.8 0 7.5 0.0 1.2  225 3141.2 0 0.0 0.0 3.5 
  1 303.6 0.7 15.5    1 3.9 0.1 0.1 
  2 33.5 0.9 4.7    2 53.3 0.2 0.2 
  3  1.8 1.8    3  0.3 0.0 
  4  5.6 1.4    4  0.2 0.0 
  5   0.2    5   0.0 
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  6   0.1    6   0.0 
106 1086.7 0 8.5 0.7 37.9  226 3141.3 0 42.5 0.9 2.4 
  1 173.4 0.2 9.3    1 0.5 0.0 0.1 
  2 37.4 1.2 6.1    2 31.9 0.3 0.2 
  3  0.0 0.4    3  0.0 0.0 
  4  3.5 1.0    4  0.1 0.0 
  5   0.3    5   0.0 
  6   0.0    6   0.0 
107 1120.6 0 2.8 0.0 0.0  227 3141.6 0 0.0 0.2 0.1 
  1 2.6 0.2 0.0    1 0.3 0.0 0.0 
  2 18.1 0.4 0.5    2 0.9 0.0 0.0 
  3  0.2 0.0    3  0.0 0.0 
  4  0.1 0.2    4  0.0 0.0 
  5   0.1    5   0.0 
  6   0.0    6   0.0 
108 1122.6 0 161.0 0.3 9.8  228 3151.5 0 14.4 0.1 3.7 
  1 12.3 4.1 1.8    1 3.2 0.1 0.1 
  2 1028.0 0.7 0.3    2 1.1 0.1 0.0 
  3  6.7 5.2    3  0.1 0.0 
  4  0.2 1.1    4  0.1 0.0 
  5   0.1    5   0.0 
  6   0.1    6   0.0 
109 1136.4 0 2021.8 25.1 2.4  229 3151.9 0 1.3 0.0 0.3 
  1 1269.6 9.5 0.8    1 0.1 0.0 0.0 
  2 4745.4 6.3 0.5    2 11.7 0.0 0.0 
  3  5.7 0.5    3  0.0 0.0 
  4  2.6 0.1    4  0.1 0.0 
  5   0.8    5   0.0 
  6   0.5    6   0.0 
110 1142.6 0 186.6 3.8 18.9  230 3153.9 0 13.7 0.9 1.4 
  1 96.7 7.8 4.8    1 3.4 0.2 0.0 
  2 2747.1 0.6 0.4    2 42.5 0.3 0.0 
  3  13.8 2.4    3  0.0 0.1 
  4  0.1 0.3    4  0.1 0.1 
  5   0.1    5   0.0 
  6   0.0    6   0.2 
111 1146.9 0 1765.4 1.3 1.7  231 3155.2 0 25.7 0.0 0.1 
  1 1123.6 5.7 0.7    1 0.3 0.0 0.0 
  2 3012.1 2.4 2.0    2 34.3 0.6 0.0 
  3  20.0 2.6    3  0.0 0.0 
  4  0.3 0.6    4  0.3 0.0 
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  5   0.1    5   0.0 
  6   0.2    6   0.0 
112 1150.3 0 27.7 1.1 0.0  232 3155.5 0 10.3 0.0 0.1 
  1 129.3 0.8 1.8    1 0.2 0.0 0.0 
  2 191.7 1.2 0.7    2 9.1 0.2 0.0 
  3  3.1 1.3    3  0.0 0.0 
  4  0.8 0.1    4  0.1 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.1 
113 1153.7 0 1016.1 1.0 1.4  233 3160.0 0 27.9 1.0 1.4 
  1 239.9 2.1 2.6    1 4.0 0.1 0.0 
  2 323.2 0.4 2.1    2 0.4 0.0 0.0 
  3  1.7 0.3    3  0.1 0.1 
  4  0.2 0.1    4  0.1 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
114 1156.6 0 751.8 2.1 8.4  234 3162.0 0 2.8 0.0 0.0 
  1 64.6 0.1 2.8    1 0.3 0.0 0.0 
  2 112.6 1.1 0.1    2 5.4 0.1 0.0 
  3  1.8 1.6    3  0.0 0.0 
  4  0.0 0.3    4  0.2 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
115 1167.6 0 90.9 0.8 3.2  235 3173.4 0 4.0 0.0 0.1 
  1 36.9 0.6 0.1    1 0.1 0.0 0.0 
  2 3116.9 5.8 1.0    2 21.5 0.1 0.0 
  3  0.5 0.3    3  0.1 0.0 
  4  0.3 0.3    4  0.1 0.0 
  5   0.0    5   0.0 
  6   0.0    6   0.0 
116 1182.9 0 480.0 2.6 2.0  236 3182.6 0 1.5 0.0 0.1 
  1 34.0 4.5 2.0    1 1.4 0.0 0.0 
  2 535.7 0.1 0.6    2 8.2 0.1 0.0 
  3  3.4 3.0    3  0.0 0.0 
  4  0.5 1.5    4  0.1 0.0 
  5   0.0    5   0.0 
  6   0.1    6   0.0 
117 1193.6 0 1196.2 104.0 8.0  237 3188.1 0 3.8 0.0 0.1 
  1 7428.8 91.5 38.7    1 0.9 0.0 0.0 
  2 3196.4 48.6 65.8    2 2.6 0.0 0.0 
  3  42.6 6.1    3  0.0 0.0 
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  4  1.1 1.2    4  0.0 0.0 
  5   0.0    5   0.0 
  6   0.1    6   0.0 
118 1193.7 0 44.4 0.5 0.4        
  1 256.0 55.4 11.7        
  2 10944.8 72.3 16.9        
  3  136.4 65.3        
  4  2.9 15.3        
  5   1.9        
  6   0.1        
119 1196.9 0 292.9 3.4 0.1        
  1 102.0 0.5 0.9        
  2 62.1 4.8 1.9        
  3  1.6 0.5        
  4  7.2 0.6        
  5   0.0        
  6   0.2        
120 1202.9 0 186.9 5.4 2.9        
  1 224.8 6.0 0.3        
  2 323.1 7.4 1.1        
  3  1.3 0.7        
  4  4.0 0.3        
  5   0.2        
  6   0.2        
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Table S18. The normal modes of Dy-5* within the relevant energy scale of Δ  = ±1 and Δ  =
±2 transitions causing the largest spin-phonon couplings     ± /   
 
 and     ± /   
 
 in 
ascending order 
n ω / cm–1     ± /   
 
   n ω / cm
–1     ± /   
 
 
55 409.75 21268.8   100 1045.03 9431.5 
54 394.74 20100.1   62 554.86 8212.0 
67 577.48 14825.0   71 640.55 7103.1 
68 590.65 8648.9   97 1037.26 5691.1 
70 632.94 4136.8   63 555.84 5208.5 
71 640.55 1466.0   73 730.58 5071.8 
66 574.93 1212.1   55 409.75 4249.5 
61 526.61 839.9   68 590.65 4028.4 
65 559.38 786.7   90 961.42 3337.8 
29 200.27 591.1   67 577.48 2826.1 
69 605.06 516.8   74 732.48 2308.7 
60 510.66 357.7   92 967.23 2243.5 
31 213.74 271.0   54 394.74 2238.1 
63 555.84 262.7   79 878.29 1850.8 
59 489.59 216.4   70 632.94 1779.2 
30 212.56 191.8   89 958.89 1723.4 
36 248.66 162.2   75 754.78 1669.6 
58 465.93 130.7   98 1037.68 1441.6 
42 278.97 105.8   80 892.22 965.6 
51 350.78 98.9   72 712.98 638.6 
41 276.36 79.5   103 1074.84 633.4 
62 554.86 78.1   59 489.59 501.1 
32 218.77 64.0   96 1033.33 500.7 
45 291.97 60.5   65 559.38 488.2 
50 338.11 55.6   82 911.12 482.3 
57 458.4 44.4   69 605.06 417.2 
39 270.87 42.8   76 791.37 397.5 
38 265.43 40.0   102 1048.36 375.2 
48 308.58 36.2   66 574.93 370.6 
35 244.21 33.1   99 1043.76 333.9 
56 440.58 32.9   61 526.61 309.8 
64 556.51 28.3   101 1045.33 271.1 
43 280.09 25.2   60 510.66 231.4 
40 272.34 24.3   58 465.93 230.2 
53 373.67 24.2   81 902.44 225.6 
33 236.13 21.2   87 931.69 223.8 
34 241.95 15.8   104 1085.32 132.1 
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52 356.62 15.1   77 818.01 128.1 
47 302.13 13.4   84 925.63 95.5 
44 288.7 10.3   56 440.58 88.4 
37 253.99 4.8   57 458.4 85.3 
46 294.5 3.7   91 963.9 82.4 
49 317.2 1.0   94 973.81 79.3 
     86 930.97 40.0 
     106 1086.74 37.4 
     64 556.51 35.5 
     105 1085.82 33.5 
     85 928.75 29.2 
     78 822.12 19.1 
     95 976.3 16.9 
     93 970.78 14.3 
     88 937.64 12.9 
     83 919.22 4.3 
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Captions for Movies S1 to S7: 
 
Movie S1. Normal vibrational mode 54. 
Movie S2. Normal vibrational mode 55. 
Movie S3. Normal vibrational mode 66. 5 
Movie S4. Normal vibrational mode 67. 
Movie S5. Normal vibrational mode 68. 
Movie S6. Normal vibrational mode 70. 
Movie S7. Normal vibrational mode 71. 
 10 
 
Captions for Data S1: 
 
Caption 1: Cartesian coordinates for the optimized geometry of Dy-5*. 
Caption 2: Cartesian coordinates for the displacement geometries used in the evaluation of the 15 
spin-phonon couplings in Dy-5*. 
Caption 3: Original data for the magnetic property measurements. 
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